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Cloning and Characterization of a Novel 
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This paper describes the cloning and characterization of a new member of the vascular endothelial growth 
factor (VEGF) gene family, which we have designated VRF for VEGF- re la red-factor. Sequencing of cDNAs 
from a human fetal brain library and RT-PCR products from normal and tumor tissue cDNA pools indicate 
two alternatively spliced messages with open reading frames of 621 and 564 bp, respectively. The predicted 
proteins differ at their carboxyl ends resulting from a shift in the open reading frame. Both isoforms show 
strong homology to VEGF ar their amino termini, but only the shorter isoform maintains homology ro 
VEGF at its carboxyl terminus and conserves all 16 cysteine residues of VEGF, 6S . Similarity comparisons of 
this isoform revealed overall protein identity of 48% and conservative substitution of 69% with VEGF I39 . 
VRF is predicted to contain a signal peptide, suggesting that it may be a secreted factor. The VRF gene maps 
to the DIIS750 locus at chromosome band Ilql3, and the protein coding region, spanning -5 kb, is comprised 
of 8 exons that range in size from 36 to 431 bp. Exons 6 and 7 are contiguous and the two isoforms of VRF 
arise through alternate splicing of exon 6. VRF appears to be ubiquitously expressed as two transcripts of 2.0 
and 5.5 kb; the level of expression is similar among normal and malignant tissues. 



Vascular endothelial growth factor (VEGF), also 
known as vascular permeability factor (VPF), is a 
secreted, covalently linked homodimeric glyco- 
protein that specifically activates endothelial tis- 
sues (Kecketal. 1989; Leung et al. 1989; Senger et 
al. 1993). This factor is involved in a variety of 
physiological processes, including normal angio- 
genesis, formation of the corpus luteum (Yan et 
al. 1993), placental development (Sharkey et al. 
1993), regulation of vascular permeability (Sen- 
ger et al. 1993), inflammatory angiogenesis (Sun- 
derkotter et al. 1994), and autotransplantation 
(Dissen et al. 1994), as well as pathological con- 
ditions such as tumor-promoting angiogenesis 
(Plate et al. 1992; Christofori et al. 1994), 

VEGF is a distant relative of the platelet- 
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derived growth factor (PDGF) gene family with 
many of the cysteine residues involved in dimer- 
ization of these proteins conserved in position 
(Leung et al. 1989; Keck et al. 1989). A more 
closely related homolog of VEGF is placenta 
growth factor (PIGF) (Maglione et al. 1991), 
which shares 39% amino acid identity and 62% 
conservative substitution. Furthermore, VEGF 
and PIGF contain 8 cysteine residues in homolo- 
gous positions, occur as dimeric proteins, and are 
therefore likely to have similar tertiary structures 
(Maglione et al. 1991). VEGF and PIGF have been 
found to occur together as heterodirners in vivo 
(DiSalvo et al. 1995). No other closely related 
homologs of the two proteins have yet been 
reported. 

While attempting to identify candidate genes 
for multiple endocrine neoplasia type 1 (MEN1), 
which maps to chromosomal region llq!3 (Lars- 
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son et al. 1988), we isolated a 
panel of cDNAs using cosmid 
CCLGW4 (D11S750) known to 
map to this region (Larsson et al. 
1992). This cosmid was found to 
contain two previously described 
genes, PLCB3 (Weber et al. 1994) 
and FKBP2 (Grimmond et al. 
1995), as well as novel genes (La- 
gercrantz et al. 1995a,b). Here we 
describe the cloning and charac- 
terization of a differentially 
spliced gene from the D11S750 lo- 
cus, encoding a protein that we 
have designated VRF (VEGF- 
related factor), that has striking 
sequence homology with VEGF. 



RESULTS 

Cloning of VRF cDNAs 
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The original VRF cDNA, termed 
pSOM175, was isolated by screen- 
ing a human fetal brain library 
(Stratagene) with the cosmid 
DUS750 (Larsson et al. 1992). 
cDNA library screening with 
pSOM175 recovered several par- 
tial but overlapping cDNAs for 
VRF. A composite sequence of the 
entire coding region was deter- 
mined and found to consist of a 
621 -bp open reading frame (ORF), 
412 bp of 3' untranslated region 
(UTR), and 2 bp of 5' UTR (Fig. 1, 
GenBank accession no. U43368). 
Attempts to isolate cDNAs with 
longer 5' UTRs were unsuccessful; 
therefore, the corresponding re- 
gion from genomic DNA was 
sought. An 850-bp Pstl restriction fragment from 
cosmid cCLGW4 (D11S750) (Larsson et al. 1992), 
which contained exon 1 and an undetermined 
amount of the 5' UTR, was cloned and partially 
sequenced, from which -60 bp of the 5' UTR im- 
mediately upstream of the initiation codon was 
determined (GenBank accession no. U43370). To 
confirm that the sequences upstream of the ATG 
were 5' UTR, an ExoIII deletion subclone of this 
region (corresponding approximately to nucle- 
otide positions -250 to -750 with respect to the 
initiation codon) was used to screen Northern 



-60 ccccgcgccgcccggctagggcgatgcgggcgcccccggcgggcggccccggcgggcacc 

1 atgagccctctgctccgccgcctgctgctcgc^ 

mspllrrlllaallqlapaq -2 

6 1 gcccctgtctcccagcctgatgcccctggccaccagaggaaa<Jtggtgtcatggatagat 

apvsqpdapghqrkvvswid 19 

121 gtgtatactcgcgctacctgccagccccgggaggtggtggtgcccttgactgtggagctc 

v ytratcqprevvvf ltvel 39 

181 atgggcaccgtggccaaacagctggtgcccagctgcgtgactgtgcagcgctgtggtggc 

mgtvakqlvpscvtvqrcgg 59 

241 tgctgccctgacgatggcctggagtgtgtgcccactgggcagcaccaagtccggatgcag^ 

ccfddglecvptgqhqvrmq 79 

301 ATCCTCATGATCCGGTACCCGAGCAGTCAGCTGGGGGAGATGTCCCTGGAAGAACACAGC 

ILM2RYPSSQ .LG2MSLEEHS. 99 

361 CAGTGTGAATGCAGACCTAAAAAAAAGGACAGTGCTGTGAAGCCAGACA GGGCTGCCACT 

QCECRPKKKDSAVKPDRAAT 119 

421 CCCCACCACCGTCCCCAGCCCCG'1' , 1 > C > '1'GTTCCGGGCTGGGACTCTGCCCCCGGAGCACCC 

P-HH^IPQPRSV PGWDS. APGAP 139 

4 81 TCCCCAGCTGACATCACCCATCCCACrCCAG^ CCCAGGCCCCrCTGCCCACGCTGCACCC 

S.P A D;-I TH PT P A PG P S A HAA P 159 

SFRPLCPRCT 125 

541 AGCACCACCAGCGCCCTGACCCCCGGACCTGCCGCTGCCGCTGCCGACGCCGCAGCTTCC 

STTSALTPGPAAAAADAAAS 179 
QHKQR PDPRTC'RCRCRRRSF 145 

601 TCCGTTGCCAAGGGCGGGGCTTAGAGCTCAACCCAGACACCTGCAG^TGCCGGAAGCTGC 

SVAKGGA* 186 
LRCQG R G LE LJJ P DT C R CRK.L" 165 

661 GAAGG^Acacatggctctccagactcagcagggtgacttgcctcagaggctatatccca 



167 



gtgggggaacaaaggggagcctggtaaaaaaeagccaagcccccaagacctcagcccagg 
cagaagctgctctaggacctgggcetctcagagggctcttctgccatcccttgt.ct.ccct 
gaggccatcatcaaacaggacagagttggaagaggagactgggaggcagcaagaggggtc 
acataccagctcaggggagaatggagtactgtctcagtttctaaccactctgtgcaagta 
agcatcttacaactggctcttcctcccctcactaagaagacccaaacctctgcataatgg 
gatttgggccttggtacaagaactgtgacccccaaccctgataaaagagatggaaggaaa 
aaaaaaaaaaaaaaaaaaaa 



Figure 1 Nucleotide and predicted peptide sequences of VRF derived 
from the cDNA clone pSOMI 75 (nucleotides -2 to.poly(A) tract) or ge- 
nomic DNA (nucleotides -60 to -3 inclusive). The numbering of nucle- 
otides is given at left starting from the A of the initiation codon. Amino 
acids are numbered at right, starting from the first residue of the predicted 
mature protein after the putative signal peptide has been removed. The 
alternately spliced region is double underlined, and the resulting peptide 
sequence from each mRNA is included. Start and stop codons are under- 
lined. The positions of intron/exon boundaries are indicated by inverted 
arrowheads. 



blots. Bands corresponding in size to messages 
obtained with VRF cDNA probes were observed 
(data not shown). 

The putative start codon (Fig. 1) matches the 
vertebrate consensus sequence [(GCC)GCCfA/ 
GjCC ATG G] described by Kozak (1987). Further- 
more, based on VRF's homology to VEGF (see be- 
low), this ATG is likely to represent the genuine 
translation start site. However, in-phase stop 
codons were not identified upstream of this site. 
An out-of-frame ATG is located at position -37 
but is not part of a Kozak consensus sequence. 
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The 3 end of the cDNA contained a long poIy(A) 
tail that was not preceded by a canonical polya- 
denylation signal (AATAAA) (Birnstiel et al. 
1985); a related sequence, GATAAA, is -18 nucle- 
otides upstream of the poly(A) tail (Fig l) 

A second isoform of VRF [designated VRF 1A7 
in keeping with the nomenclature for VEGF fTis 
cher et al. 1991; Houck et al: 1991) whereby the 
isoforms are identified by the amino acid lengths 
of the mature proteins once the signal peptides 
have been cleaved from the NH 2 .termfnij was 
identified after sequencing PCR products gener- 

p? hUman fetal brain cDNA ^ates and 
5« PCR P roducts from 2 renal cell carcinoma. 
v ^i67 (GenBank accession no. U43369) differs 
from VRF 186 as a result of a 101-bp deletion be- 
tween positions* 411~ + 511 (inclusive) in the 
cDNA encoding the latter (Fig. 1). This not only 
deletes -33 amino acids from within VRF 186 but 
also results in a different carboxy-terminal pep- 
tide sequence through the introduction of a 
frameshift within the ORF that terminates at a 
new site downstream of the stop codon utilized 
in generating VRF 186 . 

Comparison of VRF Isoforms to the VEGF Family 

The nucleotide sequences and predicted transla- 
tion products of VRF cDNAs (Fig. 1) were com- 
pared against peptide and nucleotide data bases 
£ci\ BLAST - F0ur ex P re "ed sequenced tags 
(bSTs) (GenBank accession nos. H28025 H39505 
R56770, T08411) were identified as having re- 
gions of identity with VRF. Significant homology 
was observed with VEGF and other 
gene family members. Nucleotide 
alignment of the respective cDNAs re- 
vealed regions of sequence identity on 
the order of 59% (124/212 bp). The 
amino acid homology between 
VRF 186 and VEGF 189 was 32% identity 

and 49% similarity over the entire 

peptide. However, it was notable that 

no similarity was observed over the 

carboxy-terminal quarter of the pro- 
teins. Sequence alignments of the 

VRF 167 isoform showed greater overall 

similarity to members of the VEGF 

gene family than VRF l86 . Peptide ho- 
mology comparisons revealed 48% 

identity and 69% similarity between 

VEGF and VRF 167 , respectively. This 

increase in VEGF homology relative to 

VRF 186 was attributable to additional 
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conservation of several distinct regions located to- 
ward the carboxyl-terminus of the protein (Fig 2) 

• v DC The r PrediCted P£ptide len S ths f °' the two 
VRF .soforms (Fig. 1) and the four isoforms of 
VEGF (Houck et al. 1991) are similar, and a region 
homologous to the signal peptide at the amino 
terminus of VEGF (von Heijne 1986; see Fig 2) is 
also present in both VRF isoforms. The nomen- 
clature of the VRF isoforms has been derived as- 
suming that the signal peptide is cleaved from 
the preprotein in the same place as VEGF (Keck et 
al. 1989; Leung et al. 1989), that is, after alanine 
21 in VRF or alanine 26 of VEGF (Fig. 2). Cysteine 
residues were found to be highly conserved be- 
tween VRF l67 and other members of the VEGF 
gene family. Both VRF isoforms contained the .8 
cysteines maintained among VEGF, P1GF, and 
the PDGFs, but an additional 8 cysteine residues 
were conserved among VRF 167 , VEGF 189 , and 
P1GF, all of which were located within the diver- 
gent carboxy-terminal end of VRF I67 . The strik- 
ing conservation of number and position of these 
residues suggests that these three proteins are 
likely to have very similar tertiary structures. 

Several peptide regions within VEGF that are 
believed to be associated with protein dimeriza- 
tion are maintained between VEGF and both VRF 
isoforms. The strongest areas of homology in- 
clude regions located in the mature protein after 
amino acids 49-71 (PSCVxxxRCGGCCxDx- 
GLECVPT) and 101-107 (CECRPKK) of VRF In 
addition, VRF„ >7 also displays homology to 
VEGF at the extreme carboxy-terminal end ■ 
(TCRCxKxRR; amino acids 159-167). 



{ 

-26 ^^S^SLM-LLYM^WSQAAFMAE^GON^I^^Qis 24 
25 ^^^LWELMGTVAXQLVPSCyTV-OSCGOCCPDDGLECV^H ,4 
25 VCHPIBTi.TOIFCEVPDSIEVIFKi^PLic^^^iicvilEES 74 

75 N^QX^xApHOGQHIGEMSF^VclcipiLRAROEKKUGKGKG 124 
120 ^ PR ^ ra OR...PI>PRTCRCRCRRRSFLRCQGR 1S1 

125 O^KRKKSRYKSWSVPCGPCSERAKHLFVoipCT^KCSCKNTDS.icKU 173 
152 GLELN PDTCRCR K LRR 267 

„ A Mil till I || 

174 QLELNERTCRCDKPRR 189 



Homology comparison between VRP 167 and VEGF 1BQ oeo- 

VEGF S Xn n t£,- ^ arrOW ™ rks the Pep^e cleavagTsit^Cf 

VEGF Identical ammo acids are indicated by vertical bars and con- 
servative ^substitutions by colons. The numbering of amino acids is as 
described in the legend to Fig. 1 . 
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Figure 3 Genomic restriction map (B, E, and N represent restriction sites BamH\, EcoR\, and Not], respectively) 
ancj intron/exon structure of the VRF gene together with its orientation relative to other genes within cosmid 
cCLGW4 (D11S750). Sizes of introns and alternatively spliced RNAs are indicated. . 



The putative heparin binding clusters located 
at positions 121-135 of mature VEGF (Leung et 
ai. 1989) are not conserved within the VRF iso- 
forms. However, a noncontiguous clustering of 
basic residues located at the far carboxyl terminus 
of the VEGF 12t peptide, which is believed to ac- 
count for its heparin binding ability (Cohen et al. 
1995), is present in VRF ]r>7 . 



Characterization of the VRF Gene 

We have shown above that the VRF gene is alter- 



Table 1. 


Intron/Exon Boundaries of the Human VRF Gene 


5 ' UTR 


Exon 1 


(XbpM 


GCCCAG gtacgtgcgg 


Intron I (564bp) 


tctcccacag 


GCCCCT Exon 2 


(43 bp) 


GGAAAG gtaatactta 


Intron II (313bp) 


ctgctcccag 


TGGTGT Exon 3 


(197bp> 


ATGCAG gtcctgggca 


Intron III (24 6bp) 


ctgagcacag 


ATCCTC Exon 4 


(74bp) 


ATGCAG gtgccagcca 


Intron IV (~600bp) 


tactttccag 


ACCTAA Exon 5 


(36bp) 


AGACAG gtgagtcttt 


Intron V (184bp) 


tcctccctag 


GGCTGC Exon 6 


(lOlbp) 




(No intron) 


CCCACTCCAG 


CCCCAG Exon 7 


(13Sbp) 


CTGCAG gtgaggcgtc 


Intron VI (-SOObp) 


ccctcctcag 


GTGCCG Exon 8 


(431bp) 


GGAAGG 




Upper- and lowercase letters denote exonic and intronic sequences, respectively. 
•The 5' end of exon 1 has not yet been determined. 



nately spliced to yield two major mRNA and pro- 
tein isoforms. From establishing the intron/exon 
structure of the protein coding region of this 
gene (Fig. 3; Table 1) we have found that the 
VRF ]67 isoform is generated by the removal of 
exon 6 from pre-mRNA prior to translation (Fig. 
3). The hypothesis that VRF 167 (pSOM175-6) was 
derived by alternate splicing of VRF and not an- 
other closely related gene was further confirmed 
by hybridizing a VRF cDNA to Southern blots of 
human genomic DNA. As the genomic region of 
the VRF gene had been restriction mapped previ- 
ously (Fig. 3), genomic DNA was 
digested with restriction en- 
zymes (£<roRI, BarnHl) that were 
known not to cut within VRF, 
hybridized with pSOM175-6, 
and revealed a single band of the 
expected size. The VRF gene was 
also mapped against a human- 
hamster hybrid panel, confirm- 
ing single-gene copy number 
and localization to Hql3 (data 
not shown). 

The strong conservation of 
exon/intron organization be- 
tween members of the VEGF 
family (Houck et al. 1991; Tis- 
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cher et al. 1991) was similarly- 
extended to the genomic 
-structure of VRF. In nearly ev- 
ery case, the exon/intron 
boundaries (Table 1) were 
found to be in the same loca- 
tion as the VEGFgene. The ex- 
ception was exon 6 of VRF, 
which was contiguous with 
exon 7 (i.e : , no intervening 
sequence but conservation of 
the exon/intron boundary po- 
sition). This suggests that 
exon 6 in the VRF gene is de- 
rived from a partially retained 
intron. 

Orientation of the VRF Gene 

The location and orientation 
of the human VRF gene (Fig. 
3) within cosmid cCLGW4 
(the D11S750 locus), which 
maps to chromosome llql3 
(Larsson et al. 1992), was de- 
termined by PCR between 
primers from either end of the 
VRF cDNA and a primer lo- 
cated within the 5' end of FKBP2. Only an exon 
7-specific VRF primer and a primer within the 5' 
UTR of FKBP2 gave a specific amplification prod- 
uct using both genomic DNA and cCLGW4 as 
template. Direct sequencing of the termini con- 
firmed the specificity of this product (data not 
shown). 

Expression Studies of VRF 

Northern blot analysis of a total of 20 normal 
human tissues as well as cultured fibroblasts and 
lymphoblastoid cell lines revealed that VRF was 
expressed in all samples studied, with no obvious 
predominance in any tissue after normalization 
with GAPDH (Fig. 4A). Two bands of 5.5 and 2.0 
kb were visible in all samples assayed. We as- 
sessed VRF expression in normal endocrine tis- 
sues, an insulinoma, and a medullary thyroid car- 
cinoma. VRF was expressed in all samples, al- 
though the level in both tumors was reduced by 
50% which corresponded to the loss of one chro- 
mosome 11 allele (Weber et al. 1994). Because 
VEGF has been shown previously to be overex- 
pressed in highly malignant tumors (Plate et al. 
1992) we assayed levels of VRF mRNA in a panel 



c 
o 

« c O 
Q. 5 = 



o 

CO 
£ 



CL> <D 



B 



GAPDH 













■ - — 







229bp 
I18bp 



Figure 4 (A) Autoradiograph _ , , r .. ,..„. ulul lzeQ 

with the VRF cDNA clone pSOMl 75. Size markers are indicated in kiiobases at 
left Two transcripts of 5.5 and 2.0 kb were detected in all samples Results of 
control hybridization of the same blots using GAPDH cDNA are included in the 
lower panel. (B) RT-PCR of alternative splice forms of VRF in norma! human 
fcssue mRNAs. (Lane 7) Size markers (OX174 DNA cut with Hae\\\)' (lane 2) 
negatrve control; (lane 3) normal kidney; (lane 4) normal lung; (lane 5) normal 
pancreas; (lane 6) norma! colon. 



of 11 glioblastomas, 13 metastasizing and 12 
nonmetastasizing breast carcinomas, and 34 re- 
nal ceil carcinomas. Compared with their normal 
counterparts or nonmalignant cell lines, elevated 
transcription was not found in any of the tumors. 

As it was not possible to differentiate be- 
tween the alternately spliced VRF 186 and VRF 167 
mRNAs by Northern analysis owing to the small 
size difference (101 nucleotides), RT-PCR was 
performed to confirm further the presence of 
both messages in normal and tumor tissues. A 
region corresponding to the carboxy-terminai 
end of the ORF (nucleotide positions + 362- 
+ 590; see Fig. 1) was amplified from a panel of 
matched human normal tissue/tumor mRNAs 
with two major products being identified (Fig. 
4B). Direct sequencing of these products con- 
firmed that they represented the two different 
VRF isoforms. 

DISCUSSION 

We have cloned and characterized a new member 
of the VEGF gene family, which we have desig- 
nated VRF. The strong homology between VEGF, 
P1GF, and VRF reflects conservation of structural 
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motifs important for peptide function (i.e., 
homo/heterodimerization and heparin binding). 

As yet, the various roles of VRF in vivo re- 
main to be elucidated. We have shown here that 
VRF possesses strong homolgy to several angio- 
genic factors, and investigations into its effect on 
endothelial cell function are ongoing. Further- 
more, its ubiquitous expression pattern suggests 
that its role may extend beyond the endothe- 
lium. In light of the recent report that VEGF and 
P1GF form heterodimers in vivo (DiSalvo et al. 
1995), it is possible that VRF may also interact 
with one or both of these factors in a similar fash- 
ion. As VRF proteins have divergent carboxy- 
terminal ends, with the longer isoform lacking 
some of the motifs involved in VEGF stability 
and function, it is tempting to speculate that this 
isoform could act as an antagonist/regulator of. 
the shorter isoform. 

Recent studies of VEGF function have re- 
ported the importance of heparin binding that is 
involved in dimerization and transport and as- 
sists in binding of the protein to some receptors 
such as fltl (Gengrinovitch et al. 1995). One of 
the major heparin binding domains (basic cluster 
of residues at position 121-135; see Fig. 2) of 
VEGF (Leung et al. 1989; Ferrara et al. 1992) is 
absent from both VRF isoforms. However, VRF 167 
may still be capable of heparin binding through a 
region of basic amino acids at its carboxyl termi- 
nus, provided the tertiary structure of the protein 
allows the clustering of .these noncontiguous 
residues. 

The strong sequence homology between 
VEGF, P1GF, and VRF reflect conservation of ge- 
nomic structure between their genes with a sim- 
ilar number of exons, near identical intron/exon 
borders, and the existence of alternately spliced 
mRNA, particularly involving exon 6. One signif- 
icant difference between VRF and the other VEGF 
gene family members is that the alternately 
spliced messages of VRF reported here give rise to 
proteins with different carboxyl termini. We 
show that this phenomenon arises through the 
retention or deletion of exon 6. Retention of in- 
tervening sequences in mRNA has been docu- 
mented as a post-translational regulatory mech- 
anism in several genes including P-transposase in 
Drosopfiila (for review, see Maniatis 1991) and bo- 
vine growth hormone pre-mRNA (Dirksen et al. 
1995). The retention of an intron that results in a 
frameshift and different carboxyl termini is an 
uncommon phenomenon but has been reported 
recently for the (31 -adrenergic receptor in the tur- 



key (Wang and Ross 1995). In the case of 0-adren- 
ergic receptor, intronic retention gives rise to two 
receptor types and is involved in providing tissue 
specificity. The mechanisms that control intron 
retention in pre-mRNAs have been studied for 
some genes and involve specific splicing repres- 
sor factors (for review, see Maniatis 1991). Thus, 
studies to determine the possible role of such 
factors in regulation of the VRF gene appear 
warranted. 

While the elucidation of all the possible roles 
of VRF continues, it is tempting to speculate that 
the two VRF protein isoforms act in an antago- 
nistic or self-regulatory manner, similar to that 
reported for the turkey (3-adrenergic receptor iso- 
forms (Wang and Ross 1995). 

. The genomic localization of VRF at Dl 15750 
places it within a 900-kb region known to con- 
tain the MEN1 gene (Weber et al. 1994). In a large 
panel of tumors of endocrine and nonendocrine 
origin, a reduction in expression of VRF was only 
observed in those endocrine tumors known to be 
hemizygous for chromosome llq, suggesting 
this was a gene dosage effect. Although VRF has 
not yet- been excluded as a MEN1 candidate by 
mutation analysis, its putative role as a growth 
factor makes it an unlikely candidate for the 
MEN1 tumor suppressor gene. 

METHODS 

cDNA Cloning Sequencing, and Analysis 

Screening of a human fetal brain library {Stratagene) with 
the cosmid Dl 1S750 (Larsson et al. 1992) was performed as 
described (Viskochtl et al. 1992). The 1.1 -kb insert of 
SOM175 was used as a probe to isolate other cDNAs from 
a human fetal spleen library (Stratagene). The isolated cD- 
NAs were sequenced on both strands using standard man- 
ual sequencing and automated sequencing protocols 
(PRISM, Applied Biosystems, Inc., model 373AJ. Oligonu- 
cleotides, nested deletions (Erase-a-base, Promega), and 
specific cDNA subclones were generated to complete total 
cDNA sequences. PCR products generated from the cDNAs 
were first purified from agarose gels (Qiagex gel purifica- 
tion columns, Qiagen) and then sequenced. Sequences 
were compared with the current GenBank data base at the 
National Center for Biotechnology Information (XCB1) us- 
ing the BLAST algorithm (Altschul et al. 1990). Peptide 
homology alignments were performed using the program 
BESTF1T (GCG Wisconsin). 

Northern Blot Analysis 

Multiple tissue Northern blots (Clontech) containing 
poly(A)* RNA from heart, brain, placenta, lung, liver, skeU 
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etal muscle, kidney, pancreas, spleen, thymus, prostate, 
testis, ovary, small intestine, colon, and peripheral blood 
leukocytes were used to determine expression of VRF in 
normal human tissues. Northern filters from renal cell car- 
cinomas and breast carcinomas were kindly provided from 
Drs. Ulf Bergerheim, Moraima Zelada, and Esther Schmidt. 
The extraction of poly(A)' RNA from normal adrenal, pan- 
creas, thyroid, parathyroid, kidney, fibroblasts, lympho- 
blastoid cell lines, and endocrine tumors, the preparation 
of blots, and the hybridization conditions with cDNA 
probes were performed as described (Weber et al. 1994). 



RT-PCR 

Total RNA was isolated from a panel of human tumors and 
matching normal tissues (colon, lung, liver, kidney, pan- 
creas), and cDNA synthesis reactions were carried out us- 
ing 5 ug of RNA, random hexarners, and AMV reverse tran- 
scriptase (Promega) following methods recommended by 
the manufacturer. Five hundred nanograms of reverse- 
transcribed cDNA mixture (1 ul) was used in a PCR reac- 
tion to detect possible alternately spliced messages. Alter- 
natively, 1 ul of high titer <>10 9 PFU/ml) cDNA library 
lysate was used as a template. The primers were 362F (5'- 
AGTGTGAATGCAG ACCT-3') and 590R (5'- 
GCGTCGGCAGCGGCAGCGG-3-). PCR products were vi- 
sualized after electrophoresis through high percentage 
(3%) agarose gels stained with ethidium bromide. Alter- 
nately spliced products were confirmed by direct sequenc- 
ing as described above. 



Genomic Sequencing and Intron/Exon Mapping of 
the VRF Gene 

Cosmid CCLGW4 (Larsson et al. 1992) was used as tem- 
plate and sequenced on both strands using both manual 
dideoxy sequencing methods and automated fluorescently 
labeled "dye terminator" (PRISM, Applied Biosystems, 
Inc.) cycle sequencing as described above, except that 2 ug 
of cosmid template and 20 pmoles of primer were used in 
each reaction. PCR products from genomic DNA were also 
sequenced using dye terminator cycle sequencing after pu- 
rification of products from agarose gels using Qiagex gel 
purification columns (Qiagen). An oligonucleotide (19F, 
5'-CGCCTGCTGCTCGCCGCACT-3') was made to a region 
corresponding to nucleotides 19-38 with respect to the 
initiation codon, end-labeled with (y-^PJ dATP, and hy- 
bridized to a Southern blot of a series of shotgun-cloned 
PsrI restriction fragments from cosmid cCLGW4 subcloned 
into pBluescript KS- (Stratagene). A single hybridizing 
clone with an 850 bp insert was sequenced on both strands 
as described above. 

Intervening sequences were located by sequencing of 
cosmid cCLGW4 (Larsson et al. 1992) using oligonucle- 
otide primers from the VRF cDNA sequence determined 
above. Comparison of cDNA and cosmid sequences re- 
vealed the exact location oY each exon/intron boundary. 
The size of each intron was then determined by PCR am- 
plification using flanking exonic primers and cCLGW4 or 
genomic DNA as template. Amplified products were gel 
purified and directly sequenced to confirm intron/exon 
boundaries. The intron sizes were determined either by 



complete sequencing of the intervening sequence or esti- 
mated by electrophoresis through high percentage agarose 
gels. 
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We describe here the molecular cloning and characterful ion of ihe murine homolog of the human \ascular 
endothelial growth factor-related factor i\'RF\ gene. cDNAs for two alternatively spliced forms of the murine 
»r/ gene have been isolated, the putative translation products of which differ at their carhnxyl termini due to a 
shift in reading frame caused by insertion, or lack thereof, of exnn 6. in a similar fashion to human VRF (hVRF). ■* 
The message lacking exnn 6 encodes a protein (mvrf „ |T ) with 8rV/$ identity and °2</'< conservation of amino acid 
residues with hVRF. I he protein coding region of the gene spans iipproximalcly 5kb of genomic DNA and is 
composed -of 8 exons ranging in size from 36 to 3°8bp. The genomic structure of murine vrf\s highly conserved 
with the human homolog in relation to position of splice junctions and the presence of contiguous exons ft and 
7. A short polymorphic AC repeal is present in the 3' untranslated region of murine vrf. A major hand of 
approximately l.3kb was expressed in all adult mouse tissues examined. >. twn AouJcmn. I'r-ns. inc. 

Angiogenesis is an important physiological process in embryonic development, somatic growth, 
wound healing, tissue and organ regeneration and cyclical growth of the corpus luteum and 
endometrium [reviewed in I. 2|. The growth and differentiation of capillary vessels is a complex 
process in which endothelial cells migrate, proliferate and are involved in degradation ol the 
extracellular matrix and tube formation. The formation of capillaries is also associated with a 
number of pathological conditions which include tumor growth 1 3-5], diabetes-related retinopathy 
[6|. atherosclerosis and rheumatoid arthritis [7|. Vascular endothelial growth factor (VEGF), is a 
mitogen that is highly selective for endothelial cells |8, 9), and belongs to a family of growth 
factors that includes platelet derived growth factor (PDGF) -A and PDGF-B |8. 9|. and placenta 
growth factor (P1GF) |10]. Native VEGF is normally found as a homodimer and is one of the 
ligands for the fit/flk family of receptor tyrosine kinases found on the surface of vascular endo- 
thelial cells [reviewed in I 1 . 1 2|. Heterodimers of VEGF and PIGF were identified recently in vivo 
and found to be mitogenic |13). - . 

The VEGF transcript is differentially spliced to produce four distinct peptides that have variable 
biological properties and activities | reviewed in 14. 15|. We recently cloned and characterized a 
gene from humans that encodes a VEGF-related factor (VRF) 1 16|. Human VRF (hVRF) tran- 
scripts are alternately spliced with two major isoforms (hVRF, S( , and hVRF, 67 ) being present. The 
smaller isoform (hVRF (f>7 ) lacks an 101 bp exon (exon 6) and maintains strong amino acid sequence 
homology to VEGF throughout the peptide while the larger message possesses a divergent alanine- 
rich carboxyl terminus. In this report we describe the isolation of the homologous gene from mouse 



Sequences presented in this article have been submitted to the GENBANK database and appear under accession number* 
U43836 and U43837. 

' To whom correspondence should be sent at Queensland Institute of Medical Research. P.O. Royal Brisbane Hospital. 
Herston 4029. Australia. Fax: (61)7 3362 0107: E-mail: nickH@qimr.edu.au. 

Abbreviations: hVRF - human VEGF-related factor: mVRF - murine VEGF-related factor: PDGF - platelet derived 
growth factor: PIGF - placenta growth factor: UTR - untranslated region: VEGF - vascular endothelial growth factor: VRF 
■ human VEGF-related factor gene: rrf - murine VEGF-related factor gene. 
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MATERIALS AND METHODS 

initiation ofcDMAs. Murine rr/clones were selected from ii lambda Zap new born whole brain cDNA library (Stratagene). 
Primary phage from high density fillers (5 x I0 4 pfu/plaie) were identified by hybridization with a 6K2np °P-]abelled probe 
;encrated by PCR from an human VRFcDSA (pSOM175j as described previously 1 16|. Hybridization and stringent washes 
of nylon membranes (Hybond-N) were carried out al 65 C C under conditions described by Church and Gilbert 1 17|. Positive 
plaques were picked, purified and excised hi intMo produce bacterial colonies containing cDNA clones in pBluescript SK-. 

Isolation of genomic clones. Genomic clones were isolated from a mouse strain SV/129 library cloned in the lambda Fix 
II vector tSlralcgenc). High density filters (5 x I (J 4 pfu/filter) were screened with a 56.1 bp 12 P-labelled probe generated by 
PCR amplification of the nucleotide 233-798 region of the murine ir/ cDNA (see Fig. 1 ). Positive clones were plugged and 
rc-screened with fillers containing 400-800 pfu. Large scale phage preparations were prepared using the QIAGEN lambda 
lit or by ZnCli purification [18]. 

Nucleotide seintrntinfi ami analysis. cDNAs were sequenced on both strands using a variety of vector-based and internal 
primers with Applied Biosystems Incorporated lABll dye tenninator sequencing kits according to the manufacturer's 
specifications. Sequences were analyzed on an ABI Model 373A automated DNA sequencer. Peptide homology alignments 
were performed using the program BESTKIT (GCG. Wisconsin). 

Identification of intron/exon boundaries. Identification of exon boundaries and Hanking regions was carried out using 
PCR with mouse genomic DNA or murine vrf genomic lambda clones as templates. The primers used in PCR to identify 
rntrons were derived from the human VRF sequence 1 16| and to allow for potential human-mouse sequence mismatches 
annealing temperatures 5-10 c C below the estimated T IH were used. All PCR products were sized by agarose gel electro- 
phoresis and gel purified using QIAquick spin columns (Qiagen) and the intron/exon boundaries were sequenced directly 
fram these products. In addition, some splice junctions were sequenced from subcloned genomic fragments of vrf'. Intron/ 
ixnn boundaries were identified by comparing cDNA and genomic DNA sequences. 

Northern analysis. Total cellular RNA was prepared from a panel of fresh normal adult mouse tissues (brain, kidney, 
liver, muscle) using the method of Chomczynski and Sacchi 1 1 9 J. 20jjlc of total RNA were clectrophorescd. transferred to 
a nylon membrane (Hybond N. Amersham) and hybridised under standard conditions 1 17 1. Fillers were washed at 65"C in 
0.1 x SSC (20 x SSC is 3M NaCl/OJM trisodium citrate). 0.1% SDS and exposed to X-ray film with intensifying screens 
al-70°C for 1-3 days. ' 

RESULTS AND DISCUSSION 

Characterization of Murine vrfcDNAs 

Murine vrf homologs were isolated by screening a murine cDNA library with a human VRF 
cDNA clone. Five clones of sizes varying from 0.8-1. 5kb were recovered and sequenced. The 
cDNA sequences were compiled to give a full length 1233bp cDNA sequence covering the entire 
open reading frame (621 bp or 564bp depending on the splice form, see below) and 3' UTR 
(379bp), as well as 189bp of the 5' UTR (Fig. 1 f GENBANK accession number U43836). 

The predicted initiation codon matched the position of the start codon in human VRF 1 16|. Two 
oihcr ATG codons (positions -34 and -80) and a termination codon (position -41) were observed 
upstream and out of frame with the putative initiation codon. 

The predicted N-terminal signal peptide of hVRF [161 appears to be present in mvrf with 81 c /c 
identity (17/21 amino acids). Peptide cleavage within mvrf is expected to occur after residue 21 
(Fig. 2). These data suggest that mature mvrf is secreted and could therefore conceivably function 
as a growth factor. 

As with hVRF, two open reading frames (ORFs) were detected in cDNAs isolated by library 
screening. Four of five clones were found to be alternatively spliced (GENBANK accession 
number U43837) and lacked an lOlbp fragment homologous to exon 6 of hVRF [16]. The 
predicted peptide sequences of the two isoforms of mvrf were determined and aligned with the 
corresponding human isoforms (Fig. 2). 

The message encoding mvrf, Mf) contains a 621bp ORF with coding sequences terminating at 
position +622, towards the end of exon 7 (Fig. 1). The smaller message encoding mvrf, f>7 actually 
lerminates downstream of the +622 TAG site due to a frame shift resulting from splicing out of the 
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-189 
-129 
-69 
-9 



52 
112 
172 
232 
292 
352 
412 
472 

532 

592 

652 



712 
772 
832 
892 
952 
1012 



ctcaggccgtcgctgcggcgctgcgttgcgctgcctgcgcccagggctcgggagggggcc 
gccgaggagccgccccctgcgccccgccccgggtccccgggtccgcgccatggggctctig 
gctgccgccgccccccacgccgccgggctagggccatgcgggcgctcccggcctcgcccc 
cgcggcaccATGAGCCCCCTGCTCCGTCGCCTGCTGCTTGTTGCACT-GCTGCAGCTGGCT 
KSPLLRRLLLVALLQLA 

▼ ▼ 

CGCACCCAGGCCCCTGTGTCCCAGTTTGATGGCCCCAGCCACCAGAAGAAAGTGGTGCCA 
RTQA PVSQFDG PSHQXKVVP 

TGGATAGACGTTTATGCACGTGCCACATGCCAGCCCAGGGAGGTGGTGGTGCCTCTGAGC 
WIDVYARATCQPREVVVPLS 

atggaactcatgggcaatgtggtcaaacaactagtgcccagctgtgtgactgtgcagcgc 
melmgnvvkqlvpscvtvqr 

tgtggtggctgctgccc7gacgatggcctggaatgtgtgcccactgggcaacaccaagtc 
cggccpddglecvptgqhqv 

cgaatgcacjitcctcatgatccagtacccgagcagtcagctgggggagatgtccctggaa 
rmq i lmiqypssqlgemsle 

gaacacagccaatgtgaatgca(^ccaaaaaaaaaggagagtgctgtgaagccagaca(^ 
ehsqcecrpkkkesavkpd r" 

gttgccataccccaccaccgtccccagccccgctctgttccgggctgggactctaccccg 
vai phh- "rpqprsvpgwdstp 

GGAGCATCCTCCCCAGCTGACATCATCCATCCCACTCCAG CCCCAGGATCCTCTGCCCGC . 
GASSPADI IHPTPAPGSSAR 

S P R I L C P 

cttgcacccagcgccgtcaacgccctgacccccggacctgccgctgccgctgcagacgcc 
lapsavnaltpgpaaaaada 
pctqrrqr pdprtcrcrcrr 

gccgcttcctccattgccaagggcggggcttagagctcaacccagacacctgtaXtgcc 
a a s s i a k g g a * 

rrflhcqgrglelnpdtcrc 

GGAAGCCGCGAAAG TGA caagctgctttccagactccacgggcccggctgctttLatggc 
R K P R K * 



cctgcttcacagggagaagagtggagcacaggcgaacctcctcagtctgggaggtcactg 
ccccaggacctggaccttttagagagctctctcgccatcttttatctcccagagctgcca 
tctaacaattgtcaaggaaccccatgtctcacctcaggggccagggtactctctcactta 
accaccctggtcaagtgagcatcttctggctggctgtctcccctcactatgaaaacccca 
aacttctaccaataacgggatttgggttctgttatgataactgtgacacacacacacact: 
cacactctgataaaagagatggaagacactaacaaaaaaaaaaaaaaaaaaaaaaaa 



-5 

16 

36 

56 

76 

96 

116 

136 



156 
122 



176 
142 



186 
162 



167 



FIG. 1. Nucleotide and predicted peptide 'sequences derived from murine vrj "cDNA clones. Numbering of nucleotides 
is given on the left. canine from the A of the initiation codon. Amino acids arc numbered on the right, starting from the 
first residue of the predicted mature protein after the putative signal peptide has been removed. The alternately spliceil 
regit in double underlined and the resulting peptide sequence from each mRNA is included. A potential polyudenylatinn 
signal is indicated in boldface. Start and stop codons of mvrf,„ 7 and invrf IK( , arc underlined and a polymorphic AC repeal 
in the .V UTR is indicated by a stippled box. The positions of intron/exon boundaries are indicated by arrowheads. 

101 bp exon 6 and the introduction of a stop codon (TGA) at position +666* near the beginning of 
exon 8 (Fig. I ). 

The mvrf, K6 protein has strong homology to the amino and central portions of VEGF while the 
carboxyl end is completely divergent and is alanine rich. The mvrf l67 possesses these similarities 
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A 

hVRF167 
mvrf 167 
KVRF167 
mvrfl67 
hVRF167 
mvrf 167 
hVRF167 
mvrf 167 



-21 MSPLLRRL 

MINIM 

-21 MSPLLRRL 

3 0 EVWPLTV 

MINI : 
3 0 EVWPLSM 

' 80 ILMIRYPS 

MM Ml 

80 ILMIQYPS 

13 0 RPDPRTCF 

MMMM 
13 0 RPDPRTCF 



B , 

hVRFl86 116 RAATPHHF 

I I MM 
mvrf 186 116 RVAIPHHF 

hVRF186 166 T PGP AAA? 

MMMM 
mvrf!86 166 T PGP AAA? 

FIG. 2. BESTFIT alignments of hun 
hVRF, Sf , from ihc point where the sequ- 
arc marked wilh vertical bars and conser 
»ic of human and murine VRF. 



mvrf 167 


-21 


MSPLLRJ 


mveg f 1 8 8 


-26 


1 1 1 
MNFLLSl 


mvrf 167 


25 


TCQPRET* 


mvegf 188 


24 


1 1 1 
YCRPIE' 


mvrf 167 


75 


QVRMQi: 
: Ml 


mvegf 188 


74 


NITMQIJ 


mvrf 167 


119 




mvegf 188 


124 


qkrkrk: 


mvrf 167 
mvegf 188 


152 
173 


glelnp: 

MM 
qlelne: 



FIG. 3. BESTFIT alignment of m\ 
cleavage site of mvegf. Identical amir 
Numbering of amino acids i> as descril 
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ragggc tcgggagggggcc 
iccgcgccatggggctctg 
'"'bgctcccggcctcgcccc 
GCACTGCTGCAGCTGGCT 
' " A L L Q L A 

r . -CAGAAGAAAGTGGTGCCA 
:{ Q K K V V P 



3GTGGTGGTGCCTCTGAGC 
V V V P L S 

V JTGTGTGACTGTGCAGCGC 
Ul C V T V Q R 

/r-^CTGGGCAACACCAAGTC 
:i T G Q H Q V 

U iGGGGAGATGTCCCTGGAA 
G E M S L E 

: 1 ? 

, : pCTGTGAAGCCAGACAGG 
"'-A V K P D R" 

••' 9GCTGGGACTCTACCCCG 
;.)"g W D S T P 

hi 

ccaggatcctctgcccgc 

P G S S A R 
R I L C P 



gctgccgctgcagacgcc 

A A A A D A 
^ C R C R R 

il'AGACACCTGTAGGTGCC: 

D T C R C 

: j.-I;ccggctgcttttatggc 



1 



-5 

16 

36 

56 

16 

96 

115 

136 



156 
122 



176 
142 



186 
162 



167 



•-■ -"agtctgggaggtcactg 
catctcccagagctgcca 
agggtactctctcactta 

: jitcac tatgaaaacccca 

: : jtgacacacacacacact 

1 aaaaaaaaaaaaaaa 

i.NA clones. Numbering of nucleotides 
: pibered on the right, starting from the 
; feen removed. The alternately spliced 
• included. A potential polyadcnytoiion 
dcrlined and a polymorphic AC repeal 
jes are indicated by arrowheads. 
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-21 MSPLLRRLLLAALLQLAPAQAPVSQPDAPGHQRKWSWIDVYTRATCQPR 2 9 

HIM II I II llllll II I III h hi hi II Mill M I in I Q 
-21 MSPLLRRLLLVALLQLARTQAPVSQFDGPSHQKKWPWIDVYARATCQPR 29 

EVWPLTVELMGTVAKQLVPSCVTVQRCGGCCPDDGLECVPTGQHQVRMQ 7 9 

iiiiii hiii i iiiiiiiiiiiiiiiiiiiiiiimmmm 

EWVPLSMELMGNWKQLVPSCVTVQRCGGCCPDDGLECVPTGQHQVRMQ 7 9 



30 
30 
80 



L29 



ILMIRYPSSQLGEMSLEEHSQCECRPKKKDSAVKPDSPRPLCPRCTQHHQ 

. 1 1 II II M II 1 1 1 III IIIIIH 1 1 M M I NIM M HI ||h:|' 

80 ILMIQYPSSQLGEMSLEEHSQCECRPKKKESAVKPDSPRILCPPCTQRRQ 129 
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A 

hVRF167 
mvrf 167 
hVRF!67 
mvrf 167 
hVRF167 
mvrf 167 
hVRF167 
mvrf 167 

B 



hVRF186 116 RAATPHHRPQPRSVPGWDSAPGAPSPADITHPTPAPGPSAHAAPSTTSAL 165 

I I III II I II I llllll III Mill 1 1 ill M lh III I I cc 

mvrflB6" 116 RVAIPHHRPQPRSVPGWDSTPGASSPADIIHPTPAPGSSARLAPSAVNAL 16d 

hVRF186 166 TPG PAAAAADAAAS S VAKGG A * 186 
i I I M I I I I I I I I I I h I I III 

} mvrf 186 166 TPG PAAAAADAAAS S I AKGGA * 186 

*' FIG. 2. BEST FIT alignments of human and murine VRF protein isoforms. (A) mvrf lh7 and hVRF,,,,. (B) mvrf IK „ and 
• fr.VRF lw , from the point where the sequences diverge from the respective 167 amino acid isoforms. Amino acid identities 
arc marked with vertical bars and conserved amino acids with colons. An arrow marks the predicted signal peptide cleavage 
^ we of human and murine VRF. 



130 RPDFRTCRCRCRRRSFLRCQGRGLELNPDTCRCRKLRR* 167 

Minimum urn nm 1 1 1 1 n i n i n 

13 0 R PDPRTCRC RC RRRRF LHCQGRG LELN PDTCRCRK PRK * 167 



mvrf 167 


-21 


mvegf 188 


-26 


mvrf 167 


25 


mvegf 188 


24 


mvrf 167 


75 


mvegf 188 


74 


mvrf 167 


119 


mvegf 188 


124 


mvrf 167 


152 


mveg f 1 8 8 


173 



I I 



I 1 



I I I 



?QAP\ 
I I'- 



ll 



lh: I 



III 



: I = = : : MM : I I I 
)I FQEY PDE I EYI FKPSCVPLMRCAG 

)YPSSQ . LGEMSLEEHSQCECRPKKK 
II : I ! I h Ml MIIMI 

:phqsqhigems?lq* 

.... ilcppctqrrc 

: I II m 
•KSWSVHCEPCSERRF 

tCRKPRK 
I Mh 



. PDPRTCRCRCRRRRFLHCQGR 151 

II III h MM. 

v/QDPQTCKCSCKNTDS . RCKAR 172 

167 
188 



FIG. J. BliSTFIT alignment of mvrf lfl7 and mvegf,,,,, |20| protein sequences. An arrow marks the signal peptide 
dcavagc site of mvegf. 1 jcnlical amino acids are indicated by vertical bars and conservative substitutions by colons. 
Numbering of amino acids is as described in the legend to Figure I. 
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5' UTR* 

mcccacagGCCCC 

ctgcccacagTGGTG 

eigagcacagATCCT 

cictificagACCAA 

ctccicctagGGTTG 

CCCACTCCAGCCCCA 

cad cccca aGTGCC 
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TABLE I 

Splice Junctions of the Murine vrf Gene 



Exon I >249bp 
Exon 2 43bp 
Exon 3 I97bp 
Exon 4 74bp 
Exon 5 36bp 
Exnn 6 1 0 1 hp 
Exon 7 I35bp 
Exon X 398bp 



CCCAGgtac»tgcgi 
GAAAGgtaataataj: 
TGCAGgtaccaaggc 
TGCAGglgccageca 
GACAGgtgagtmt 

TGTAGgiaaggagte 
ATGG A AG AC A CT A A C 



Intron I 
hit run II 
Intron HI 
Intron IV 
Intron V 
(no intron) 
Intrun VI 



lK3f 



Uppercase and lowercase letters denote exonic and inlronic sequences, respectively. indicates that the V end of e W 
I has not yet been determined. 

and also maintains homology to mvegf right through to the C-ierminus (Fig. 3). The overj 
homology of mvrf l(l7 to hVRF, r>7 was 86% identity and 92% similarity respectively (Fig. :.i 
Likewise, homology between mvrf lft7 and mvegf 1201 was 49% identity and 71% conservative 
amino acid substitution respectively (Fig. 3). 

A canonical vertebrate polyadenylation signal (A ATA A A ) 1 2 1 ] was not present in the vrfcDS.K 
however, the closely matching sequence GATAAA is present at similar positions in both mouse 
and human VRF cDNAs (Fig. 1). In contrast to human VRF, murine vrf was found to contain as 
AC dinucleotide repeat at the extreme 3' end of the 3' UTR (nucleotide positions 997 to 1010. Fis. 
I). Polymorphism of this repeat region was observed between some of ihe vrf cDNAs, with the 
number of dinucleotides varying from 7 to 1 I (results not shown). 

Genomic Characterisation of Murine vrf 

Intron/exon boundaries (Table i ) were mapped using primers which Hanked sequences homolo- 
gous to the corresponding human VRF boundaries [16]. Introns I. Ill, IV and VI of murine vtj 
(Table I. Fig. 4) were smaller than the hVRF intervening sequences [161. There was complete 
concordance between the human VRF and murine vrf genes with respect to lengths of each of the 
exons. The complete genomic sequence was compiled from the 5' UTR of vrf through to intron VI. 
the largest intervening region (2.2kb). by sequencing amplified introns and cloned genomic por- 
tions of vrf (data not shown). 



VRF 
VEGF 

PIGF 
PDGF-A 
PDGF-B [ 



2 

I 

2 

I 



I ■ I 



1 2 



3 1 I 



4 5 



1 2 

□ I 



I 




3 4 5 6 6A 7 8 



3 45,6 



FIG. 4. Comparison of gene structure between VRF <a generic VRF gene is shown since the intron/exon organ izaii.-n 
ot the mouse and human homology is identical) and other members of the human VEGF/PIGF/PDGF gene family. Exo* 
are represented by boxes. Protein coding regions and untranslated regions are shown by filled and open sections, respa- 
lively. The hatched region in VRF indicates the additional 3' UTR sequence formed by alternate splicing of the VRF, v 
isomrm. Potential alternate splice products of each gene arc shown. 

926 



Vol No. 3. IV96 



KKi. 5. Autoradiogram of a Norihei 
a murine vrf cDNA clone. A major in 



Exons 6 and 7 are contiguou! 
strong sequence homology at th 
in the first half of Fig. 2B) sugt 
encodes a functional part of ih 

General intron/exon structun 
of the VEGF gene family and t! 
the murine vrf gene is very sin 

Previous comparative mapp 
multiple endocrine neoplasia ty 
the proximal segment of mouse 
to within l Mb of the human M. 
the centromere of chromosome 

Expression Studies of vrf 

Northern analysis of RNA fr 
expression appears to be ubiqu 
in size (Fig. 5). This is somew 
major bands of 2.0 and 5.5kb h 
message presumably correspoi 
thereof is most likely due to a 



This work was supported by the Nlu 
Lid., and the Swedish Cancer Foundat 



I. Sharkey. A. M.. Charnock-Jones. I 
(S09-615. 

:. Van, Z.. Weich. H. A.. Beman. W 
.V Plate. K. H.. Creicr. G.. Weich. H 
" 4. Kim. K. J.. Lane. B. L.. Winer. J.. 
5. Christofori. G.. Naik. P.. and Han 
(v Aicllo. L. P.. Avery. R. L.. Arrigg. 

M. A.. Park. J. E.. Nguyen. H. V.. 
7. Koch. A. E„ Harlow. L. A.. Haine 

HWM)/ Immunol. 152,4149-41: 
S. Leung. D. W.. Cachianes. G.. Kur 



1 



;C:Al. RESEARCH COMM I 'N'ICAll$M jfe 1V20. No. 5. IfW 



Intron II 
fs:iro« HI 
It,: ion IV 
InUOH V 
(no huron) 
Imron VI 



i AC 



I 



mOCHKMICAf. AND BIOPHYSKVAi.. RfASKARCU C70MMUSICATJONS 



2 * c a 
1 £ 5 E 



i.3kb 
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■-purine vrj was found to coraaia^M 
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< which flanked sequences hom$|l|L 
y%s 1. Ill, IV and V] of murine *4 I 
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n respect to lengths ot each d^^m 
• iT £ : UTR of \r/ 'through to introil^^| 
nitrons and cloned genomic: |pj8 | 



|: Exons 6 and 7 arc contiguous in vrf, as bus been found to occur in the human homoloi: ! 16]. The 
proag sequence homology ai the amino acid level between exon 6 of vrt'saxd human VRF (depicted 
|flthe first half of Far. 2B) suggests that this sequence is not a retained intronic sequence but rathe* 
H'Codes a functional part of the vri\ Htt isoforni. 

gGenetu! iniroti/exon >tmcture is conserved between the various member fVEGF. PIGF. VRF) 
p -he VEGF gene family and therefore it is not surprising that the overaH eenonnc organisation of 

murine it/' gene is very similar to these genes (Fig. 4). 
|: Previous comparative mapping studies have shown that the region surrounding the human 
puhiple endcxrme neoplasia type 1 {MEN!} disease locus on chromosome J Iq i 3 Is symenic with 
|be proximal segment of mouse chromosome 19 [22!. Since we have mapped -he human VRF gene 
|g within 1Mb of the bin mm MEN! locus [16). ti is most likely that the murine vrf gctu: maps neat 
|fe centromere of chromosome 19. 



m 



7 e 

'mjz 
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,JZZ 



■ .show.-, hsnco inm>n/exor or*unMa6&4 
-.*'•• n Vt-G?^'JUI7PJXiJ : .>cn^ farni... Vxot0- 
hown hy uJferi una open .eeikms. rc<pe« ; : ; :• 
. Jfmoit by alternate spitting of the Vj^|§| 




| Northern analysis of RNA from adult mouse tissues (muscle, heart. ;ung. and liver) showed that 
pprcsslon appears to be ubiquitous and occurs primarily as a major band of approximately i.?kb 
f*a *i<'£ (Fig. 5). This is somewhat different to the pa-tern observed for human VAT in which two 
|§yor hands of 2.0 and 5.5kb have been identified in all tissues examined [1.6|. The l.3kb murine 
||bssage presumably corresponds to the shorter of the human transcripts and the size variation 
jgiereof is most likely due to a difference mi the length of the respective 5' UTRs. 
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We have characterised the promoters of the human 
and murine VRF (vascular endothelial growth factor 
(VEGF) related factor) gene. A series of deletions were 
made of a 553-hp region 5' of the VRF initiation codon 
and were used in a luciferase reporter gene assay to 
determine the minimal promoter of the VRF gene. The 
region between base pairs -443 and -195 was suffi- 
cient to mediate transcription in lymphocytes and the 
region between -550 and -443 enhanced this pro- 
moter activity. Primer extension studies identified two 
regions of transcription initiation, both of which are 
preceded by Spl, AP-2 and Egr-1 transcription factor 
binding sites. The VRF promoter is similar to VEGF in 
that it is associated with a CpG island, contains sites 
for Spl and AP-2, and lacks a TATA box. However, it 
has marked differences in that the promoter contains 
Egr-1 sites and lacks both hypoxia-inducible factor- 1 
and AP-1 sites. These data may indicate that expres- 
sion of these two growth factors is regulated by differ- 
ent physiological Stimuli. 1997 Academic Pkf»» 



We recently described the characterisation of a new 
member of the vascular endothelial cell growth factor 
1 VEGF) gene family which we called VRF for VEGF- 
related growth factor [I, 2], but which is also known 
as VEGFB 13]. To date, this family of growth factors 
consists of VEGFA/VEGF/VPF 1.4, 5], VEGFB/ VRF |1- 
31, VEGFC/VRP [6, 71, placenta growth factor [8], as 
'.veil as the more distantly related platelet-derived 
growth factor (PDGFs) A and B [9]. 

'Sequences presented in this article have been submitted to the 
•iEXBANK database and appear under accession numbers U80601 
md U80602. 

■To whom correspondence should be sent at Queensland Institute 
>f Medical Research, P.O. Royal Brisbane Hospital, Herston 4029, 
Australia. Fax: (61 » 7 3362 0107: E-mail: EintS@qimr.edu.au. 

Abbreviations: HIF-1 - hypoxia-inducible factor- 1: PDGF - platelet 
derived growth factor; UTR - untranslated region; VEGF ■ vascular 
yndothelial growth factor: VRF - human VEGF-related factor gene: 
iY * murine VEGF-related factor gene. 



The intron-exon architecture of human V7?Fand mu- 
rine Vr/fl, 21 are similar to that of VEGFA, and al- 
though only two alternately spliced forms of VRF have 
been identified ( that give rise to proteins with different 
carboxyl tails), more isoforms are expected based on 
the gene's similarity to VEGFA. VRF has a wide tissue 
distribution in adults fl-3J and expression during 
mouse fetal development has been shown to be most 
abundant in heart, spinal cord, cerebral cortex and 
brown fat f 10 j. VEGFA, in comparison, is chiefly ex- 
pressed in brain, kidney, liver, lung, spleen, as well as 
heart [i 1-1 31. The expression pattern of these genes 
appears to be quite distinct, although specific roles for 
VEGFA and VRF/VEGFB in vasculogenic and angio- 
genic events have yet to be distinguished. 

As a first step to understanding the regulation of 
VRF gene expression, we have characterised the pro- 
moters of the human (VRF) and murine (Vrf) genes. 
Reporter gene assays and primer extension studies 
were employed in identifying the minimal promoter 
region of VRF, and analysis of transcr iption factor 
binding motifs revealed that although the VRF and 
VEGFA promoters share common elements, there are 
also marked differences between the two promoters. 

MATERIALS. AND METHODS 

'Cloning, nucleotide sequencing and analysis. The cloning of geno- 
mic fragments containing the human VRF 1 1 1 and murine Vrf genes 
12} have been reported previously. A Pstl -restriction fragment con- 
taining part of the first coding exon of VRF plus the 5' flanking 
region ithat included the 3' end of a novel gene 'manuscript in prepa- 
rations was subcloned from cosmid cCLG\V4 Both nested dele- 
tions (Erase-a-basc, Promcga) and cloned restriction fragments of 
the region were sequenced on both strands as described previously 
II, 2J. • ' 

The cloning of a phage genomic clone 1 A 121 j containing the mouse 
Vrf gene has been reported previously 121. Two Nevl -restriction frag- 
ments from X121 that collectively spanned exon 3 to the 5' flanking 
region were blunt-ended and cloned into the EcuRV site of pBlue- 
script II KS (Stratagene) and sequenced as described for VRF. The 
sequence data were compiled using Mac Vector 4.2.1 software- 1 IBI- 
Kodak). ClustalW J14], CpGPIot (GCG. WisconsinL Sigscan (151 and 
BLAST 1 1G1 analyses were conducted using the Australian National 
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Genome Information Service computer faculty at the University of 
Sydney, Australia. 

Primer extension analysis. The oligonucleotide 5' - TGC CGA 
GCC CTG OGT GCA G-3\was radiolabeled with I y- :! -P}ATP (6000T i 
mmol Amersham :• and T4 polynucleotide kinase (New England 
Biolahsi. onp of labelled primer flph were annealed to 60pg of total 
RNA in I0u\ of annealing buffer consisting of 250mM KCI and lOmM 
Tris-HCl, pH 8.3. Total RNA was isolated from a lymphoblastoid cell 
line using an RNeasy Total RNA Kit (Qiageni. Annealing proceeded 
at 80 J C for 5 min and then at 58°C for 45 min. First strand synthesis 
was allowed to proceed at 52°C for 45 min after the addition of 22.4// 1 
of a reverse-transcription mix consisting of 3mM MgCly, 47mM Tris- 
HCl, pH S.3'. lOmM dithiothreitol, O.omM dNTP mix and 200U of 
Superscript II RNasell- reverse transcriptase fGIDCO, BRLi. The 
RNA component was hydrolysed, the cDNA was precipitated, resus- 
pended, resolved on an 8M urea/6^ polyacrylamide gel and visuali- 
sed by autoradiography. The primer extension product sizes were 
estimated by comparison to a sequencing ladder generated from 
pGEM--3zfi + i <Promega» with the plJC/M13 forward primer ; fmol 
DNA Sequencing System, Promega). 

Human VRF promoter constructs. The most proximal 45bp of the 
first coding exon ending at a Pst\ site f GENBANK accession number 
U4n370t plus varying lengths of 5' flanking region derived from the 
human Pstl genomic clone were inserted into the polylinker of the 
pGL2-hasic luciferase vector < Promega >. Restriction sites within this . 
genomic Pst\ fragment were utilised in generating directional dele- 
tions of the region. These included, (in addition to the full-length 
Pst I fragment shown in Fig. 1 i, the Suvl site (position -550). the 
BsfXl site (position -443i. the Eag\ site ( position - 195) and the Nco I 
site i position -85 1. 

Tra n s feet ion s and measurements of I u cif'e ra se act ivi ty. 4 X 1 0 1 ' E L4 
T cells were suspended in 400yl RPMI 1640 tissue culture medium 
supplemented with 2m M glutamine and 20m M Hepes pH 7.2, and 
electroporated with 5/;gof each luciferase reporter construct, or with 
5pg empty pGL2- basic vector as a background control. Pulse condi- 
tions were 290V. 9G0/yF. Electroporated cells were transferred to 
H)ml DMEM supplemented with 8*3 fetal calf serum, 2mM gluta- 
mine and 00>M tf-niercaptoethanol. and grown for 24hr at37 c C in 5*S 
CO -j prior to harvesting. Harvested cells were washed in phosphate- 
buffered saline, and lysates prepared and assayed for luciferase ac- 
tivity using a Luciferase Assay Kit (Promega). according to the manu- 
facturers instructions. Luciferase activity was measured using a 
Packard Microplate Scintillation Counter. The protein content of 
each sample was measured by Bradford Assay (BioRad, Hercules 
CA>, and values ranged from 42-68^/g per sample. All data have been 
normalised to 50^/g protein. 

RESULTS AND DISCUSSION 

Sequence Analysis of VRF 

Sequence data for the open reading frame of VRF 
plus an adjacent 60bp of the 5' UTR have been reported 
previously fl). We have extended the sequence of the 
5' flanking region up to the transcribed region of a 
novel neighbouring gene as shown in Fig. 1. The pro- 
gram BLASTN identified nucleotide positions -629 to 
-553 as matching the 3' UTR of several cDNA entries 
from the expressed sequence tag database, complete 
with a polyadenylation signal (AATAAA) beginning at 
position -570 (manuscript in preparation). The pro- 
moter of VRF was therefore expected to reside down- 
stream of this region. 

The cloning and partial characterisation of Vrf has 



be em published by Townson et al. [21. The previously 
reported 5' UTR of 189bp was extended an additional 
-440bp up to the 3' UTR of the neighbouring gene ( Fig. 
1 ). (Note that 3 nucleotide discrepancies with respect t« 
our previously described 5' UTR sequence have beer, 
corrected in the updated GENBANK entry U43836. 
Nucleotide sequences for the 5' flanking regions of th- 
VRF and Vrf genes are aligned in Fig. 1 and show 
— 709f- identity over this region. The sequences are 
G-hC rich (-85% human, -799* mouse) downstream 
of the 3' UTR of the neighbouring gene and contain 2 
high frequency of CpG dinucleotides. Fig. 2 shows thai 
the promoter of VRF coincides with a CpG island thai 
spans xhe entire length of the region upstream of the 
initiation codon (Fig. 1). VEGFA, PDGF A and B, a? 
well as numerous other growth factor genes (as dis- 
cussed in 117]) also have G+C rich 5' UTRs. 

Human VRF has three additional, apparently non- 
utilised ATG codons (positions 37, 83, 296) up- 
stream of the reported translation start site (position 
+ 1). This start site was identified on the basis of se- 
quence homology to VEGFA as well as matching the 
Kozak consensus sequence for vertebrate translation 
initiation sites 11 J. The three non-utilised ATG codon; 
are also conserved in Vrf (positions -37, -83, -306 
and the latter two are not in-frame with the translation 
initiation site in either organism. The ATG codon a? 
position -296 in VRF is also out of frame, but transla- 
tion from the equivalent ATG codon from Vrf (position 
-306) would extend the reported murine protein by 
an additional 102 amino acids [2]. However, primer 
extension studies with VRF (discussed below) predict 
that this ATG codon overlaps one region of transcrip 
tion initiation and is therefore unlikely to be presem 
in a large proportion of VRF transcripts. 

The possible function of these upstream ATG codon; 
is unknown, however, they may play a role in transla- 
tional control as has been suggested in the case of the 
genes encoding the A- and B- chains of PDGF which 
have also been reported to each have three additional 
ATG codons [181. Similarly, a second conserved ATG 
codon appears within the 5' UTR of human [17], mouse 
|19| and rat |20| VEGFA. 

Reporter Gene Assays 

In order to define the proximal promoter of VRF. 
restriction sites within the 5' flanking region (shown 
in Fig. 1) were used to generate successive deletion; 
from within the 3' UTR of the neighbouring gene to- 
wards the transcription start site of VRF. These restric- 
tion fragments were directionally cloned into the pro- 
moterless vector pGL2, transiently transfected into 
lymphocytes, and assayed for luciferase activity. The 
results from each of three experiments showed a simi- 
lar trend (Fig. 3), with the Pstl construct (Fig. 3, A- 
Psll) that spans the coding region of VRF exon 1 to thr 
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VRF 

Vrf 

VRF 
Vrf 

VRF 
Vrf 

VRF 
Vrf 



VRF 

vrf 



VRF 
Vrf 



VRF 

Vrf 



-629 ctgcagtgcgcccccgctttgcttccttccctggacggcccgctccccgaaacgcgcgca 

* * ** * »*» * * ****** * M< * * ** ♦* *** 

-567 aaccaaatgggaccttcatcggtcctc::c=ctg--ct.gcctgt:ccagaaccacacgt.gca 
Sac: 

-569 ataaagcgactcgcagaGCTCGTGTCCGGCTCCCTCCTTAAGGCCCGACGCCCCCGGCCC 

**♦*• * * * * * * * * * w ****** * * ♦ * * • * * * * » * • * * 

-519 ataaactcattttcagfi -CGCCTGTCCGATTC3GTCCTTCAGGTCACGCATCTCCT 

AP-2 Spl AP-2 

-509 CGGCCTCGCCAACOGGCAGCGCCCCGCCCTCC33GTAGTGGCGGCGGCGACTGGGGAGCC 

******** * * * * * « • * * • 

-464 - 

BsfcXT Spl 
I I 

-449 CAGCCTCCTGGGCGGTGCGTCCCCTTTCCCCTGCCGCGGCGGGAGGCGGGAGGGGGTGTG 
* ****** ******** **»**«•**♦**•*•• «-**•<•»««•«* *» 

r 00 spi 

Spl 



-CACCCCTCCCCTCGTGAGGCAGCGAC - 



-CCCCGGAGCT 



Spl 
Spl* AP-2 



A?-2 Spl Egr-1 

AP-2 I AP-2 ' AP-2 I Spl 

1 I' III 
-389 TGGAGGAGGCGGGCCCCGCCGACGGCCTCGCCCCCCCACCCCGCCGCCCCGCCCCCGCCC 



-37b TGGAGGGGACCGGCTCCGCCC CCGCCCCGCCTCCGCCC 

I II II 

Spl* | Egr-1 AP-2 AP-2 

AP-2 Spl Spl 

AP-2 Spl AP-2 

I >> >>>>>>> | 

-329 CACGGGCCGG TGGGGAGCG CGTGTCTGGG TC ACATGAGCCGCCTGC CCG CC AGCCCGGGC 

-338 -GCGGCCCGGTGGGGAGCGCGTGTTTAGGTCACAToAGCCTCTTGCCCGCCAGCCCCGGc' 
I AP-2 | 

AP-2 Spl AP-2 
AP-2 I Egr-1 AP-2 

i I I > » | 

-269 CCAGCCCCCCGCCGCCCCC -GCCGTCCCCGCCG.CC - GCTGCC£ GCC 

* ****** *** ***** ********** *** ** » •» * * * 

-279 CAGGCCCCCTGCCACCCCCCGCCGTCCCCGTTGCCCGCOGTCCCGGCCACCACCGCCGCC 



VRF 
Vrf 



VRF 

vrf 



AP-2 
Spl AP-2 
AP-2 Spl Spl Eaol 
III I 
-225 GCCACCGGCCGCCCGCCCGCCCGGCTCCTCCGGCCGCCTCCGCTGCGCTGCGCTGCGCTG 



-219 



Spl 
AP-2 AP-2 
I 



AP-2 
Spl 



-165 CCTCCAC rCACCGCTircCA CCGCGecnCGGACiGAg^^ 
-159 CCTGCGCCCAGGGCTO3GGAGGGGGCCGCGGAGGAGCCGCCCCCTGCGCCCCGCCCCGGG 



Spl Spl 
AP-2 



Spl* AP-2 
AP.-2 Spl 



Ncol 

VRF - 1 0 5 CCGCCGCGCCCGGGCCCGCGCCATGGGGCTCTGGCTGCCGCCGCCCCCCGCGCCGCCGGG 

Vrf -99 TC CCCGGGCCCGCGCCATGGGGCTCTGGCTGCCGCCGCCCCCCACGCCGCCGGG 

AP-2 Spl Spl |AP-2 

I I AP-2 
VRF -4 5 CTAGGGCGATGCGGGCGCCCCCGGCGGGCGGCCCCGGCGGGCACCATGAGCCCTCTGCTC 

„ , AC ***** * * 'MIMIMI III III ' 

Vrf -4 5 CTAGGGCCATGCGGGCGCTCCCGGCGCTCGCCCCCCGCGGGCACCATGAGCCCCCTGCTG 

I I 
AP-2 AP-2 
PstI 

VRF 16 CGCCGCCTGCT-GCTCGCCGCACTCCTGCAG 

II Mill II I Ml ! Mill II il II 

Vrf 16 CGTCGCCTGCTGCTTGTTGCACTGCTGCAG 

FIG. 1. Nucleotide sequence alignment of human \VHFi and murine iVrfl VRF 5' flunking regions using the program ClustnlVV, where 
an asterisk denotes a conserved nucleotide position and a vertical line indicates conservation within the open reading frame. The VRF start 
ccdon is designated position +1. The 3' UTR nf the neighbouring gene is represented in lower case lettering. Restriction sites used in 
generating the promoter constructs are labelled. Positions of the transcription start sites as determined by primer extension studies are 
SAOvvn by the symbol "">" nnd the major sites are underlined. The position of the oligonucleotide used for primer extension is underlined. 
Waiting positions of the consensus binding sites for the transcription factors Spl. "strong" Spl (*), AP-2 and Egr-1 are labelled and described 
in the text. 
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FIG. 2. CpGPlot of the VRF promoter region (based on the sequence of Fig. 1 L Plot of Obs/Exp CpG dinucleotide (solid line) and 5lG- 
(broken line) against the position in the nucleotide sequence. The CpG island of the VRF pene meets the criteria described hy Urser 
al. [25! (>200bp region; moving average %iG+C) > 50: moving Obs/Exp CpG > 0 6) 



3' UTR of the neighbouring gene, producing a 1.6 to 
9.6-fold increase in luciferase activity over background 
levels. The Sad deletion construct (Fig. 3, B-SacI) pro- 
duced the highest promoter activity (3.8 to 12.9-fold 
increase), presumably because the polyadenylation sig- 
nal (and possibly other cis-acting elements involved in 
transcription termination) from the neighbouring gene 
had been removed. The BstXI deletion construct (Fig. 3, 
C-BstXI) produced a lower (28-47%) promoter activity 
compared to the Sad construct, but roughly equivalent 
to the activity observed for the Pstl construct. The Eagl 
and Ncol deletion constructs (Fig. 3, D-Eagl, E-Ncol) 
had luciferase activities at background levels. We 
therefore conclude that the 248bp region between 
BstXl (position -443) and Eagl (position - 195 J is suf- 
ficient to promote basal transcription of the VRF gene 
in lymphocytes, and that the 108-bp region upstream 
of this (up to the Sacl site at position -50) is necessary 
for maximal basal activity. - 

Primer Extension Analysis, Structural Analyses of the 
Promoter Region 

Primer extension analysis, using an antisense oli- 
gonucleotide designed to anneal downstream (posi- 
tions -146 to -164) of the minimal promoter region 
was employed to identify the 5' end of the human 
VRF transcript. These assays consistently demon- 



strated the VRF gene to have two major regions, 
transcription initiation, although additional star 
sites were observed on longer exposure of the autor 
diographs (Fig. 4). The first region of transcriptit 
initiation consisted of a cluster of sites between por- 
tions -229 and -238 (Fig. 1). A second and mci 
frequently used cluster of transcription initiati: 
sites appeared between positions -313 to - 287, si 
gesting a maximum 5' UTR length of 313bp that 
highly conserved (-84%) in the murine gene. It 
VRF 5' UTR is therefore much shorter in length tk* 
that of the VEGFA gene [17]. 

The mouse and human VRF promoter regions wer 
scanned for consensus transcription factor binfc 
sites using the program Sigscan. Sites that pom 
tially play a role in the regulation of VRF gene* 
pression, or that have been reported for VEGFAU 
19, 20], are shown in Fig. 1. The region of transcri: 
tion initiation between positions -313 and -287; 
preceded by multiple consensus sites for Spl (I 
CCGCCC-3' or its complement 1 21, 22]) and AP-2io 
T/CCC/GCCA/CNC/GC/GC/G-3' or its complex 
[23)), as well as a single site for Egr-1 (5'-GCG( 
GGGGCG-3' or its complement [24]). Sites for Sp! 
AP-2 and Egr-1 are also found clustered in a simik 
position in the mouse gene. The same combination? 
sites (in the human but not in the mouse gene) p 
cede the downstream region of transcription iciat 
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Relative promoter activity 

FIG. 3. Determination of the VRF minimal promoter region. Sec- 
tions of the VRF 5' flanking region were cloned into the pGL2 lucifer- 
ase vector and assayed for their ability to induce lucifcrase activity 
■n EU T cells. The position of the polyt A) tail for the neighbouring 
gene is shown in construct A and the exact location* of the restriction 
iites are shown in Fig. 1. Relative promoter activities for the con- 
structs based on triplicate experiments are represented by different 
shadings. 



tion (positions 265 to 209). Examination of the 
highly conserved BstXl to Eagl region of VRF and 
Vrf revealed additional Spl and AP-2 sites. The Spl 
site at position -344 in the human gene (position 
-364 in mouse; is also a perfect match to the ; 'strong" 
Spl consensus 5 f -G/AC/TC/TCCGCCCC/A-3' that 
has been reported for some of the Spl sites within 
the VEGFA promoter [17]. Indeed, the promoters of 
VEGFA and VRF appear to be organised similarly 
with respect to Spl and *AP-2,sites, and both promot- 
ers are associated with a CpG island (data not shown 
for VEGFA), which typically encompass the tran- 
scription start sites of housekeeping and widely ex- 
pressed genes [25]. The presence of AP-2 sites is con- 
sistent with the observed expression patterns of 
these genes in tissues of neural origin [10, 26]. As 
with VEGFA r 17, 19, 201, a consensus TATA box is 
absent from the VRF proximal promoter. 

The promoter of VRF also shows t potentially im- 
portant differences to the promoter of VEGFA, for 
example, more than one region of transcription initi- 
ation appears to be utilised by VRF, and the human 
and mouse VEGFA promoter regions also contain 
CCAAT boxes upstream of their transcription start 
sites [17, 19]. Although multiple AP-l-like binding 
sites were reported for human VEGFA, only one con- 
sensus AP-1 site, located near to the hypoxia ele- 
ment, is conserved between human, mouse and rat 
sequences [17 : 19, 20]. There is an absence of consen- 
sus AP-1 sites (5'-TGANTC/AA-3' 1271) and se- 
quences resembling the hypoxia-inducible factor 



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 



(HIF-1: 5'-G/C/TACGTGCG/T-3' [281; VEGFA HIF-1 
match: 5'-TACGTGGG-3' [201) in the VRF promoter 
region. However, it is possible that other hypoxia- 
responsive sequence elements, not related to HIF-1, 
influence transcription, potentially also from other 
regions of the gene (such as the 3' end) as has been 
reported for VEGFA [29]. 

The human VRF promoter has two occurrences of 
overlapping Egr-1 and Spl sites, upstream of the two 
major regions of transcription initiation. The replace- 
ment of Spl by Egr-1 at an overlapping site can lead 
to inducible gene expression, as observed for the PDGF 
A and B genes [30, 3 1 J. Overlapping Spl and Egr-1 
sites, however, are not present in the promoter region 
of VEGFA [17, 19, 20]. Studies of the PDGF A and 
B. promoter regions infer that VRF may utilise novel 
transcription factor binding sites as well as perhaps 




X A C G T 

FIG. 4. Mapping of the VRF transcription start site using primer 
extension analysis. Primer extension products <lane labelled X) were 
generated from lyrnphoblastoid cell line total RNA using the oligonu- 
cleotide shown in Fig. 1 and the sites of transcription initiation are 
labelled with arrows. The size standard was generated from 
pGEM-3zft+) using the pUC/Ml3 forward primer Uanes G, A, T 
and CK 
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non-consensus sites 1 32, 33). A candidate region likely 
to contain these sites is positioned between -404 and 
-455 of VRF, as the region is highly conserved in 
mouse and precedes the upstream region of transcrip- 
tion initiation. 

The findings reported in this paper provide the first 
insight into the organisation of the VRF proximal pro- 
moter and address possible differences with respect to 
the promoter of VEGFA. Further studies will be aimed 
at elucidating the sequence elements important for in- 
ducible gene expression, in an effort to understand the 
role of VRF in vasculogenic and angiogenic events. 
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Abstracts 

Abstract: Vascular endothelial growth factor-B (VEGF-B) is closely related to VEGF-A, 
an effector of blood vessel growth during development and disease and a strong candidate for 
angiogenic therapies. To further study the in vivo function of VEGF-B, we have generated 
Vegfb knockout mice {Vegfb' 1 -). Unlike Vegfa knockout mice, which die during 
embryogenesis, Vegfb- 1 - mice are healthy and fertile. Despite appealing overtly normal, 
Vegfb 1 - hearts are reduced in size and display vascular dysfunction after coronary occlusion 
and impaired recovery from experimentally induced myocardial ischemia. These findings 
reveal a role for VEGF-B in the development or function of coronary vasculature and suggest 
potential clinical use in therapeutic angiogenesis. The full text of this article is available at 
h ttp : //www . circres aha. org . 



Vascular endothelial growth factor-B (VEGF-B) l 3 is a secreted growth factor that has 
strong sequence homology with VEGF-A, a primary regulator of angiogenesis in 
development, coipus luteum formation, wound healing, and cancer. 4 VEGF-B can form 
stable heterodimers with VEGF-A land is generally coexpressed with VEGF-A. VEGF-B 
can bind to two of the VEGF-A receptors, VEGFR-1 land neuropilin-1 , ^suggesting that it 
may regulate the bioavailability and/or action of VEGF-A. i Although VEGF-B has been 
reported to behave as an endothelial cell mitogen, 2 part of the mitogenic activity reported 
may be due to VEGF-B/VEGF-A heterodimers. t. 

Several mouse models have been generated by gene knockout technology where the genes . 
encoding Vegf-A or its receptors have been mutated. Both Vegfa- 1 - and Vegfa +f ' mice are 
unable to survive to term due to a general impairment of blood vessel formation in the early 
embryo. 9J0Vegfa l2m2 ° mice, where only two of the three major Vegf-A isoforms have been 
knocked out, die postnatally after cardiac failure due to widespread myocardial ischemia. 
uVegfrb 1 ' mice die as embryos due to defects in angiogenesis, LI but partial knockout mice, 
where only the tyrosine kinase-encoding portion of the Vegfrl gene is deleted, develop 
normal vasculature. 12 

To study the in vivo role of Vegf-B, we have generated a knockout mouse line and found 
that, unlike the Vegf-A-related knockouts, Vegfb- 1 - mice appear outwardly normal and fertile. 
Because Vegfb transcripts are expressed predominantly in the heart during murine 
■' embryogenesis and adult life, 1.14 u> suggesting a-specific role for Vegf-B during cardiac 
development, we have concentrated on studying the cardiac phenotype in these mice. Vegfb' 1 ' 
hearts are reduced in size compared with hearts of Vegfb H + littermates and display clinical 
symptoms of impaired recovery from experimentally induced ischemia. The results suggest 
an essential role for Vegf-B in establishment of a fully functional coronary vasculature and 
highlight the potential of this cytokine for application in the emerging field of therapeutic 
angiogenesis. 

Materials and Methods^ 

Generation of Vegfb +/ - MicesJ 

All mice used for the present study were supplied by the Animal Resources Centre 
(Western Australia), and their treatment was in accordance with the National Health and 
Medical Research Council (NH&MRC) guidelines for the care of experimental animals. 

Targeted inactivation of the Vegfb gene was achieved by replacing exons 3 to 7 ( Fitmre la) 
with a promoter-less fbetaj-geo cassette. The [beta]-geo gene was preceded by an internal 
ribosomal entry site to give cap-independerv .islation of [beta]-geo. LlTargeted 129/SvJ 
ES cells (CI 368) were injected into C57BL/6J blastocysts to produce chimeras. Progeny of 
germline-transmitting chimeras were genotyped by polymerase chain reaction (PGR) 
amplification of tail-tip DNA using PCR1, 5'-TTT GAT GGC CCC AGC CAC-3V PCR2, 5'- 
CCC CCA GCT GAC TGC TCG-3'; and PCR3, 5'-CTA GTG GAT CCC CCG GGC- 
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J Figure 1. a, Diagram of the murine Vegfb gene (top), the targeting construct 
1 used to generate a Vegfb*'- mouse (middle), and the final targeted locus 
J (bottom). The exons of the Vegfb gene are shown as numbered boxes with the 
1 open reading frame as open boxes. The location and orientation of the PCR 
1 primers used to genotype mice are shown as PCR1, PCR2, and PCR3. b, 
JGenotyping PCR on Vegfb*'*, Vegfb*'\ and Vegfb-'' DNA , using the primers 
shown in panel a. 



Help with image viewing] 



[beta]-GaI Staining and Immunohistochemistr^ 

Frozen sections and whole embryos were stained for [beta]-Gal as described. i_8_For 
quantitation of capillary density, transverse sections of the left ventricle (LV) were cut at 
comparable levels in Vegfb*'* and Vegfb' 1 - P30 hearts (30 days postpartum) (4 hearts each), 
immunostained with anti-PECAM-1 (clone Ml 3, Pharmingen), and the capillaries counted 
using ImagePlus software on 7 randomly chosen fields (x40 magnification, [almost equal to] 
0.06 mm 2 per field) in the epicardial, endocardial, and midmyocardial portion of the LV. 
Because no difference between genotypes was found within each portion, capillary density 
data were averaged for each heart. Coronary vessels were counted as anti— smooth muscle 
[alpha]-actin (FITC conjugated, clone 1 A4, Sigma)-stained vessels in whole sections. 

Heart Weight and LV Thicknesses 

Vegfb*'*, Vegfb*'-, and Vegfb;'- mice of either 129/SvJ or C57BL/6Jxl29/S.vJ background 
were weighed. After dissection, the hearts were trimmed of surrounding tissue and weighed. 
A subset of the P25 hearts was fixed in formalin and microdissected to obtain a similar angle 
of section. LV thickness was measured on sections with a stage micrometer (n=10 Vegfb* 1 * 
hearts; n=16 Vegfb* 1 ' hearts; n=14 Vegfb '- hearts). 

Langendorff Perfusions 

Hearts were isolated from mice anesthetized with 60 mg/kg sodium pentobarbital. Vegfb* 1 * 
(161±7 mg wet heart weight [WHW], n=15), Vegfb*'- (152±6 mg WHW, n=14), and Vegfb-'- 
mice (155±7 mg WHW, n=16) hearts were perfused in the Langendorff mode as described. 

For ischemia, baseline measurements were recorded from Vegfb*'* (n=8), Vegfb*'- (n=8), 
and Vegfb-'- hearts (n=8) after 30 minutes of stabilization. Global normothermic ischemia was 
initiated for 20 minutes before 30 minutes of aerobic reperfusion. To examine reactive 
hyperemia, a subset of hearts (n=7 for Vegfb*'*, n=6 for Vegfb*'\ and n==8 for Vegfb''-) was 
perfused as described above and after stabilization was subjected to a single 20-second period 
of zero flow followed by reperfusion at 90 mm Hg perfusion pressure. The coronary flow 
response was recorded, peak hyperemic flows were measured in individual experiments, and 
percentage of flow-debt repayment over the initial 60 seconds of reperfusion was calculated 
as follows:MAlH where total coronary flows were measured in mL/g and were calculated by 
digital integration of coronary flow for the 60 seconds before and 60 seconds after occlusion 
using the Chart V3.5.6 program (AD Instruments, Castle Hill, Australia), and flow-debt was 
calculated as basal coronary flow (mL/60 seconds/g)x20 seconds of occlusion. 



[Help with image viewing] 

Statistical Analyses^ 

Body/heart weight, LV thickness, and capillary density data were analyzed using unpaired 
Student's t tests. Body/heart weight data were also analyzed using the generalized estimation 
equation. 20 Hyperemia data were analyzed via one-way ANOVA and functional parameters 
by two-way ANOVA for repeated measures. Where significant effects were detected, the 



http://gate\vay2. ovid.com/ovidweb.cgi 



1/12/00 



Ovid: Bellomo: Circ Res, Vc^rne 86(2). February 4, 2000.e29-e35 Page 4 of 10 

Tukey's HSD post hoc test was used. In all tests, significance was accepted at P <0.05. 



An expanded Materials and Methods section is available online at 
h ttp : //www . circres ah a. org . 

Results^ 

Generation of the Vegfb''' Moused 

The Vegfb knockout mice generated with the modified Vegfb locus shown in Fumre La were" 
produced in normal mendelian ratios, were healthy and fertile, and did not display any overt 
phenotype. The genotype of mice was determined by PCR amplification of tail-tip DNA 
from P10 pups ( Figure ib) . Rather than producing Vegf-B, this modified locus results in 
[beta]-Gal expression under the control of the endogenous Vegfb promoter (herein referred to 
as Vegf-B/[beta]-Gal). Because the Vegfb +/ ' mice generated in this manner had no obvious 
developmental defects, we assumed that Vegf-B/[beta]-Gal expression in these mice 
accurately reflects the endogenous Vegfb expression pattern. 

Cardiac Vegf-B/[beta]-Gal Expression Pattern in the Vegfb +/ ' Mousai 

Using [beta] -Gal staining, Vegf-B/[beta]-Gal expression was first detected in the heart at 
E10.5 (embryonic day 10.5), it became prominent at E12.5 ( Fitrure 2a) and further increased 
thereafter ( Figure 2b) . Throughout development, Vegf-B/[beta]-Gal expression appeared to be 
restricted to the myocardium ( Figures 2c through 2g) and subepicardium ( Figures 2uand 2h) and 
remained undetectable in endothelial cells, including those of the endocardium and coronary 
endothelium. Endocardial derivatives, such as the valve leaflets were always devoid of Vegf- 
B/[beta]-Gal expression. During development, the highest concentration of Vegf-B/[beta]- 
Gal-expressing cells was seen in the right ventricular myocardium and right aspect of the 
interventricular septum ( Figures 2a through 2c). Lower Vegf-B/[beta]-Gal expression was 
detectable in the LV ( Figures 2a ami 2c) and the right atrial appendage ( Figure 2d) . The lowest 
expression was found in the atrial wall ( Figures 2c. 2d, and 2f) « where coronary angiogenesis is 
less conspicuous ( Figures 2e and 2f) . Within the right ventricle (RV), Vegf-B/[beta]-Gal staining 
was prevalent in the trabeculations ( Figure 2d) . The intensity of Vegf-B/[beta]-Gal expression 
increased further in the neonate heart ( Figures 2i and 2j) in correlation with the massive early 
postnatal coronary capillary and vessel growth. nThe prevalence of Vegf-B/[beta]-Gal 
expression switches from the RV to the LV in the early neonatal period ( Figures 2j and 2j) 
reflects the predominant early postnatal capillarization of this chamber. 2Lln the juvenile 
heart, the ventricular prevalence of expression is lost, and the density of Vegf-B/[beta]-Gal- 
expressing cells is similar in the ventricles and the atria (data not shown). 




Figure 2. Vegf-B/[beta]-Gal localization in the heart during development and 
after birth, a, Whole-mount El 2.5 Vegf-B/[beta] -Gal-stained Vegfb*'- (right) 
and Vegfb* 1 ' (left) hearts showing higher expression in the RV. b through d, 
Whole mount and sections of Vegf-B/[beta]-Gal-stained El 5.5 hearts, b, 
Vegfb* 1 ' whole mount. Vegf-B/[beta]-Gal levels are very low in the aorta and 
pulmonary trunk, c, Longitudinal section of the Vegfb*'- heart shown in panel b. 
Note higher levels of Vegf-B/[ beta] -Gal expression (staining blue) in the RV 
and right side of the interventricular septum (*) than the LV. d, Sagittal section 
through the RV. Note expression in the trabeculations of the ventricle and 
absence in the atria, e through h, El 7.5 hearts, e, Longitudinal heart section 
stained for PECAM-1 (staining brown). The rectangles represent the regions in 
panels f and g. f and g, Vegf-B/[beta]-Gal and anti-PECAM-1 double labeling, 
f, Atrial region. The endocardium (arrows) is stained with anti— PECAM-1, but 
no capillaries have formed in this region, g, RV. Anti-PECAM-1 stains the 
endocardium (arrow) and the endothelium of numerous capillaries (arrowhead) surrounded by Vegf-B/[beta]-Gal— 
expressing cardiomyocytes in the myocardium and subepicardium h, Higher magnification of the subepicardial region 
stained for Vegf-B/[beta]-Gal expression showing several Vegf-B/[ beta] -Gal-positive cells, i through k, P3 Vegfb*'' 
mouse hearts, i and j, Vegf-B/[beta]-GaI staining of transverse heart sections, j, Section through the atrioventricular 
transition. Note prominent staining in the LV. j, Section through the ventricular region. Note the absence of staining 
around the coronary vessels (arrowheads), k and 1, Contiguous sections through a coronary arteriole stained for PEC AM - 
1 (j) and Vegf-B/[beta]-Gal (k). Vegf-B/[t eta] -Gal -expressing cardiomyocytes surround the capillaries, but Vegf-B/ 
[beta]-Gal is undetectable in the endothelium and smooth muscle layers surrounding the artery, rv indicates right 
ventricle; Iv, left ventricle; *, interventricular septum; ra, right atrium; aa, atrial appendage; m, myocardium; se, 
subepicardium; and p, pulmonary trunk. Bar=500 um (a, b, d, e, i, and j) and 100 yim (c, f, g, h, k, and I). 
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The great arteries in the heart expressed low levels of Vegf-B/[beta]-Gal at all stages of 
development (eg, Fitmre 2b) and in juvenile mice (data not shown). Vegf-B/[beta]-Gal was 
undetectable in the tunica intima and media of coronary vessels ( Figures 2i. arrowheads, and 2k 
and 21), although we found Vegf-B/[beta]-Gal expression in other vessels in the body (eg, the 
intralobar component of the pulmonary arteries) (data not shown). 

Postnatal Heart Growth in VegftD^ Miceu 

Although histological examination of all organs revealed no differences between 
genotypes, Vegfb''- hearts frequently appeared marginally smaller than their Vegfb*'* and 
Vegfb*'- littermates ( Figure ?a) . We recorded the total body and heart weight of 122 animals 
including male and female Vegfb*'*, Vegfb*'-, and Vegfb-'- mice at several ages between P3 and 
P91. These mice were grouped as P3 to P9 mice (Vegfb*'*, n=l5,Vegfb*'-, n=20; and Vegfb-'', 
n=13) and P25 or older (Vegfb*'*, n=20, Vegfb*'-, n=28; and Vegfb- 1 -, n=27). We found no 
consistent genotype-dependent decrease in body weigh; however, heart weight was always 
reduced in Vegfb-'- mice. To account for the inherent interlitter and intralitter variability in 
body weight, due to sex, age, and genetic background, we used heart/body ratios to display 
the results. Although we found no significant difference in heart/body ratio in relation to sex 
or genetic background, statistical analysis revealed a dramatic increase in heart/body ratio 
from P3-9 to P25 (or older) in all animals regardless of genotype (Fitmre 3b). There were no 
differences in percentage of heart/body weight ratios among genotypes in P3-9 mice 
(Vegfb*'*, 0. 64±0. 02; Vegfb*'-, 0.59±0.03; and Vegfb/; 0.66±0.03), but we found a significant 
(P <0.05) decrease in percentage of heart/body weight ratio in P25 (or older) Vegfb''' 
(0.78±0.02) mice compared with Vegfb*'* (0.87±0.04) and Vegfb +/ - (0.89±0.02) mice (Figure 
2b). When familial (litter/parents) correlation among mice was taken into account, this 
significant difference remained (data not shown). No significant difference was found 
between Vegfb +/+ and Vegfb*'- mice at any stage. 









Figure 3. Reduced postnatal heart size in Vegfb- 1 ' hearts, a, Appearance of P25 
Vegfb- 1 -, Vegfb*'' y and Vegfb*'* hearts from same-sex littermates, illustrating a 
slightly reduced Vegfb-'' heart size, b, Percentage of body/weight ratio is 
significantly reduced in the juvenile (>P25) Vegfb- 1 ' mice but not in early 
postnatal mice (P 3 -9), indicating the impaired growth of the Vegfb 4 ' hearts in 
the first few weeks after birth. Values are mean±SEM. *P <0.05 vs Vegfb*'* 
mice;P <0.01 vs Vegfb* 1 ' mice. 
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The dramatic increase in heart weight during the first few weeks after birth is well 
documented and appears to.be mainly due to massive growth of the coronary capillaries and 
vessels, but cardiomyocyte proliferation and hypertrophy also contribute. 22_No difference in 
the size of myocardial cells was found in histological sections in Vegfb*'*, Vegfb*'-, or Vegfb'- 
hearts (data not shown). LV thickness was significantly decreased in P25 Vegfb-'- (0.80±0.03 
mm,* n=14) compared with Vegfb*'* (0.89±0.03 mm, n=10) and Vegfb*'- (0.91±0.02 mm, 
n=16) hearts \*P =0.059 versus Vegfb*'* and P <0.05 versus Vegfb*'-). Analysis of capillary 
density using standard morphometric measures found no significant differences between P30 
Vegfb*'* (2321±255 capillaries/mm 2 ) and Vegfb-'- (2334±253 capillaries/mm 2 ) hearts. Vessel 
density measures in adjacent heart sections also showed no differences between Vegfb*'* 
(270±10 vessels/section) and Vegfb''- (275±14 vessels/section) hearts. 
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Reactive Hyperemic Responses in Vegfb +/ +, Vegfb*'-, and Vegfb+ Hearts 

Baseline contractile function and coronary flow were equivalent in Langendorff-perfused 
hearts from all three groups under normoxic conditions, (see Table online, 
http://www.circresaha.org). To test whether alterations in vascular function would be more 
evident during active responses to modified myocardial 0 2 delivery, we exposed hearts to 
transient (20 seconds) coronary occlusion and studied the hyperemic response on reperfusion. 
The reactive hyperemic responses differed subtly between groups ( i ; ieurc 4) . Although peak 
hyperemic flow was comparable in all three groups of hearts (32 to 36 mL • min' 1 • g* 1 ) 
(Hgyrc4a), overall flow-debt repayment during the initial 60 seconds of reperfusion (during 
which flow recovered to preocclusion levels) was significantly lower in Vegfb- 1 - mice 
([almost equal to]60%) versus the other two groups ([almost equal to] 100%) (l -jgurc-th) . There 
were no differences in repayment between Vegfb +/+ and Vegfh +/ ' hearts. These findings 
indicate that the functional status of the coronary vasculature is impaired in Vegfb-'- mice. 




Figure 4. Reactive hyperemic responses to 20-second coronary occlusion in 
Langendorff-perfused Vegfb*'*, Vegfb*'' y and Vegfb 4 ' hearts, a, Baseline and peak 
hyperemic flows, b, Flow-debt repayments over the initial 60 seconds of 
reperfusion. Values are rnean±SEM. */ > <0.05 vs Vegfb*'* hearts. 



Help with image viewing ] 



Responses to Ischemia-Reperfusion in l/egfit> +/+ , Vegfb*'-, and Vegfb-'' 
Hearts+f 



As noted, baseline functional parameters were comparable in hearts from Vegfb+' + , Vegfb*'-, 
and Vegfb''' mice (see Table online, http://www.circresaha.org). Global normothermic 
ischemia completely abolished contractile function in all hearts within 2 to 3 minutes and 
caused a rapid rise in diastolic pressure. Time to onset of contracture and peak-developed 
contracture are indicators of the severity of ischemic injury. Although no difference was 
found in the rate of contracture development, peak contracture during ischemia was greater in 
Vegfb''' compared with Vegfb + '+ and Vegfb* 1 ' hearts ( ijigurc 5a) . Diastolic pressure was 
significantly elevated in Vegfb-'- hearts compared with Vegfb*'* and Vegfb*'- hearts during 
reperfusion and recovered minimally ([almost equal to]73 mm Hg) relative to the other two 
groups ([almost equal to]35 mm Hg) ( Figure 5a V Recovery of contractile function was slightly 
depressed throughout reperfusion in Vegfb''' hearts, with the rate-pressure product being 
significantly lower at 30 minutes compared with Vegfb*'* and Vegfb*'- hearts ( Hsurc 5b) . 
Coronary flow responses did not differ between the three groups at any time point ( Hgurc 5c) . 
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Figure 5. Functional responses of Langendorff-perfused Vegfb+ f +^ Vegfb*'', and 
Vegfb 4 ' hearts to 20 minutes of global normothermic ischemia and 30 minutes 
of reperfusion. a, Responses for left ventricular diastolic pressure. Rate- 
pressure product (heart rate * left ventricular developed pressure) (b) and 
coronary flow (c) are shown. Values are mean±SEM. *.P<0.05 vs Vegfb*'* 
hearts. 
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Discussion- 

In the present study, we have used promoter trap LacZ expression in the Vegfb +/ ' mouse to 
correlate Vegf-B/[beta]-Gal expression to processes of vascularization in the heart, the major 
site of Vegf-B expression. The general developmental pattern of Vegf-B expression has 
previously been interpreted to reflect a paracrine action of Vegf-B on the developing 
vasculature, although no attempts were made to correlate expression patterns with 
developmental processes of vascularization in any individual organ. 16 Although Vegfb 
transcripts are produced in the heart from E8.5, Vegf-B protein expression is not detected 
until El 0.5. 16 We can first detect Vegf-B/[beta]-Gal at E10.5 in the interventricular septum 
and propose that Vegf-B/[beta]-Gal (and therefore Vegf-B) production increases substantially 
at this time point, in spatial and temporal correlation with the commencement of coronary 
endothelial growth in the heart. 23 Indeed, Vegf-B/[beta]-Gal levels increase both throughout 
development and after birth, closely correlating with the progression of cardiac angiogenesis. 
Vegf-B/[beta]-Gal is conspicuous in the subepicardium where heart angiogenesis has been 
shown to commence. 24 It is more densely expressed in the ventricles than the atria and 
correlates with the degree of coronary angiogenesis that is more advanced in the ventricles 
than in the atria at fetal stages. After birth, Vegf-B/[beta]-Gal expression increases further in 
the LV, at a time when substantial capillary growth occurs predominantly in this chamber. 
21.22 The disparity between LV and RV capillary growth rates decreases several days after 
birth. 21 Accordingly, by P25, Vegf-B/[beta]-Gal expression becomes even throughout the 
heart with levels of expression similar in RV, LV, and the atria. Despite the correlation 
between capillarization and Vegf-B/[beta]-Gal expression, such expression was not found in 
the smooth muscle cells of the differentiated coronary vessels. It is therefore likely that Vegf- 
B may exert its paracrine action on the microvasculature surrounding the expressing , 
myocardium, rather than on the endothelium of the coronary vessels. 

We find that Vegfb 1 ' hearts appear morphologically and functionally normal in the 
unstressed animal but do not undergo the same extent of postnatal growth as those of Vegfb +/+ 
and Vegfb +/ - animals. Postnatal heart growth appears to be mainly due to the substantial 
increase in the coronary microvasculature and vessels. 11.22 This increase has been attributed 
to the action of Vegf-A 164 and Vegf-A 188 , y_because mice lacking these Vegf-A isoforms die 
as a consequence of severe heart ischemia due to an almost total absence of postnatal 
capillary and coronary vessel growth. Postnatal ablation of Vegf-A (and possibly Vegf-B) 
function by administering a soluble Flt-1 receptor (mFlt(l-3)-IgG) 2_5_is also lethal. In the 
heart, this treatment leads to cardiomyocyte necrosis and massive capillary and vessel density 
reduction. 25 Because Vegf-B is coexpressed with Vegf-A in the myocardium of the 
ventricles, 6 can form biologically active heterodimers with Vegf-A, and also binds Flt-1, "Lit 
is likely that the abnormal coronary angiogenesis described above is a result of interference 
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with the normal function of both Vegf-A and Vegf-B. We tested whether the observed Vegfb' 
reduction in heart weight was a consequence of impaired growth of the vascular network by 
measures of coronary capillary and vessel density. We found no significant differences, 
between Vegfb"'' and Vegfb* 1 * hearts, although additional studies measuring lumen size, 
patency, and permeability of capillaries and vessels in the heart will reveal whether any 
structural abnormalities in the vascular network of Vegfb' 1 ' hearts may be responsible for 
reduced volume of this organ. Alternatively, the observed microcardia could be attributed to 
an effect of Vegf-B on cardiomyocyte growth. Vegf-B effect on heart muscle could be 
mediated by the Vegf-B 167 (and Vegf-A 165 ) receptor, neuropilnvl, which is expressed in the 
developing cardiac muscle. However, this is unlikely, because cardiomyocytes do not appear . 
affected in size or function in the Vegfb''' heart, and we cannot rule out a direct effect of 
Vegf-B ablation on myocytes. It is worth noting, nevertheless, that cardiomyocytes are 
normal in the Vegfa l20n20 mouse, where neuropilin-1 ligand Vegf-A 1?5 has,been ablated. i_l_A 
slight decrease in left ventricular thickness in the Vegfb' 1 - heart may indicate that some 
developmental hypoplasia, resulting from suboptimal vascularization, could be responsible 
for the observed microcardia. 

Ablating Vegfb expression reduced the ability to repay coronary flow after a transient 
coronary occlusion. This occurred despite baseline coronary flow in the Vegfb' 1 - heart 
appearing normal, which was not unexpected given that moderate impairment of 
vascularization or vascular function that might result from deletion of the Vegfb gene could 
be compensated by enhanced intrinsic vasodilatation. Impairment of flow-debt repayment, 
despite similar peak flows, suggests inhibition of flow-mediated dilatation, which occurs 
subsequent to the immediate hyperemic response, indicating that the functional status of the 
coronary vasculature is impaired in some way in Vegfb- 1 ' hearts. Reactive hyperemia is 
thought to be mediated by the combined actions of nitric oxide (NO) and adenosine, 26with 
potential involvement of K ATP channels. 27 The prolongation of the hyperemic response is 
thought to be at least partially NO dependent. 2S_Thus, one possible mechanism contributing 
to this change is an impaired NO production. However, deletion of the endothelial NO 
synthase gene fails to alter peak hyperemic flow, flow repayment, and adenosine responses in 
murine hearts. 21 

Heart rate was almost identical in hearts of all genotypes before and after ischemia, and no 
significant differences existed for heart rate between any groups at any time. Interestingly, 
deletion of Vegfb reduced functional recovery from ischemia-reperfusion and appeared to 
worsen contracture during ischemia. The mechanism of contracture is not well understood 
but may involve rigor-bond formation as a result of impaired glycolytic ATP formation. :w_ 
During reperfusion, diastolic dysfunction was significantly greater in knockout mice- the 
difference was wholly due to a change in contractile force and not rate. Recovery of the rate- 
pressure product was slightly reduced whereas coronary flow was similar in all three groups. 
Although a reduced reflow or perfusion could have explained the dysfunction, this was not 
supported by the measures of total myocardial perfusion. However, this does not exclude a 
more subtle change in flow distribution that is not reflected in the total flow response. The 
postischemic elevation in diastolic pressure is likely to reflect altered Ca 2+ handling in 
reperfused tissue, resulting in enhanced diastolic Ca 2+ levels. 3iCa 2+ handling is energy 
dependent, particularly at the level of the sarcoplasmic reticulum. Knockout of the Vegfb 
gene could conceivably lead to impaired postischemic recovery of energy metabolism, owing 
to maldistribution of coronary flow, such that myocardial handling of Ca 2+ is impaired. 
Further experiments addressing patency, permeability, and responses to vasodilatory stimuli 
in the ventricular microvasculature of Vegfb' 1 ' hearts will reveal whether this is indeed the 
case. The increased diastolic dysfunction during ischemia is largely independent of the 
coronary vasculature and may reflect a developmental effect of Vegfb deletion on heart 
growth or function, as suggested by the smaller hearts and reduced left ventricular thickness 
in Vegfb' 1 - mice. 

In tne present study, we have shown that, despite heart morphology and function being 
normal in Vegfb' 1 ' mice, the response to coronary occlusion and myocardial recovery from 
ischemia are compromised. Thus, although Vegf-B may play a redundant role in establishing 
the coronary vasculature, our results define a unique role in the development and 
. maintenance of function in response to ischemic insult. , 
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DESCRIPTION ~- ......... 

f P ,re ? /•cretion of recombinant proteins into insect cell supernatant 

• Simplifies punTtcation and characterization of expressed proteins 

• Ease of purification further enhanced by serum-free medium 

• Choice of 2 different signal sequences 

• Fusion genes transcribed under strong polyhedrin promoter 

• Compatible with all AcNPV expression systems 

UNIQUE SECRETORY SIGNAL SEQUENCES 

pMbac and pPbac contain secretory signal sequences that direct the nascent pol vpep- 
lide cham toward the secretory pathway of the cell, thereby leadins lo secretion 
jnto the cell supernatant. The sequences to be expressed are inserted 3' to the 
signal sequences to generate a fusion gene that is transcribed under the strong 
polyhednn promoter. The signal sequence is cleaved off by signal-sequence pep" 
tidase as the nascent porypeptide is channeled toward the secretory pathway of 
the host insect cell, leading to the secretion of mature recombinant protein. Proper 
processing of signal peptidase at the expected cleavage site has been verified bv 
protein sequencing of secreted material. 

EASY PURIFICATION OF RECOMBINANT PROTEINS 

With no need for cell lysis, purification of the secreted recombinant proteins is 
extremely easy. The process starts with simple separation of the insect cells from 
the supernatant. Downstream processing of the protein is made even more efficient 
when the pMbac and pPbac transfer vectors are used with Stratazene's Cell/Perfect™ 
Bac serum-free insect cell culture medium. 

PROTOCOL FOR USE WITH BACULOVIRUS EXPRESSION SYSTEMS 

The pMbac and pPbac baculovirus transfer vectors are compatible with systems 

based on the baculovirus species most commonly used for expression work 

Aitiographica califomica nuclear polyhedrosis virus (AcNPV). Once in the nucleus 

of infected cells, the baculovirus expresses the protein polyhednn late in the in- 

feci lous cycle under a very strong promoter. The polyhedrin gene is not essential 

tor viral propagation in tissue culture, so it can be replaced by cDNA whose 

expression will then be driven by the strong polyhedrin promoter. 

To replace the polyhedrin gene in the baculovirus genome: 

1. Insert the cDNA fragment into the pMbac or pPbac transfer vector, each" of 

which contains recombination sequences. 

™?^ nSfcCt , the baculovirus D ^A and transfer vector into the insect cell line 
SF9. The resulting double recombination event replaces the polyhedrin gene with 
the vector fragment containing the gene to be expressed. 

3. Identify recombinant virus based on the presence of the lacZ eene in the re- 
combination fragment. 

CONTENTS 

20 ^ig of pMbac and/or pPbac transfer vector 
2.5 \ig each of forward and reverse sequencing primers 
REFERENCES 

l. Umhordi. W. ( a nl. (i9S?3) Strategies 6; 20-21. 



Baculovirus home 
sequence for raJ 



•bac U 



I pMbac nM 

V&fiT 



r iovirus homologous 
fence for recombination 



Baculovirus 
Transfer Vectors 
pMbac and pPbac 




Catalog* 



$225 

pMbac 



Catalog # 



SI 25 

pPbac 



Catalog # 



$125 

Baculovirus 
Sequencing 
Primers 

Forward primer 

~> MS 

$105 



Reverse primer 

$105 



Cell/Perfect™ Bac 
Serum-Free 
Insect Cell 
Culture Medium 

1 liier 
$35 



Map of Baculovirus Transfer Vectors 



To create ihe pMbae and p 
meliitfn and human placent 



>bac vector, (he 
tl alkaline phosphatase 



secretory signal sequences were introduced Into 
me Nhe I and BanM \ sites, respectively, of tne 
transfer vector pJVPiOZ. Therefore, genes to be 
expressed can be introduced unldlrectlonaily Into 
trie Sma 1/fie/nH t sites of the vectors 



Nhel 



Smal 



BamHI 



pPbBC ...GCTAGCCATC.ajg.GTG GAG.AACCCQ.GGA... 

atari 

pMbac ...GCTAQCATC.AtG.AAA CCA.AGC.CCG.GOC, 



1-800-424-5444 • 45 



** TOTAL PPGE.06 ** 



COMMONWEALTH OF AUSTRALIA 



(Patents Act 1990) 

IN THE MATTER OF : Australian 
Patent Application 696764 
(73941/94). In the name of: 
Human Genome Sciences Inc. 

- and - 

IN THE MATTER OF : Opposition 
thereto by Ludwig Institute for Cancer 
Research, under Section 59 of the 
Patents Act. 

Annexure GBC-6 

This is Annexure GBC-6 referred to in my Statutory Declaration made this 
Thirteenth day of December 2000. 

/' / /I . 
Gary Baxter Cox 



WITNESS: ' -?<c< 



Patent Attorney rc'VTee tlrtvo 



. DEC 07 2000 li:i9 FR PENNIE EDMOND * TO 01161893252883 P. 03 \ 

| V H A R M A C ^\ L K B B I O T 



H N O L O G Y 



Molecular and Cell Biology 
Catalog 1992 





Pharmacia 

Pharmacia LKB Biotechnology 



iu wiibiby^s>^bbj 




Vector Applications Guide (cont.) 



1 Promoter 


Induction 


ATG 


RBS 


Translation 
termination 


Enzymatic 
cleavage 


Prokaryotic Gene Fusion Vectors 


pGEX-UT 


• Induction: tac promoter inducible wirh 1-5 mM 1FTG. 

• Expression: Proceins are expressed as fusion proteins with the 26-kDa glutathione 

S -transferase (GST). Trie GST gene contains an ATG and ribosome-binding site, and is under 
control of the tac promoter. Translation ttrminarors are provided in ail three reading frames. 
The resulting fusion protein may be purified on Glutathione Sepharosc (17-0756-01 ) or on 
prepacked Glutathione Sepharosc columns (17-0757-01). 

• Enzymatic cleavage: 


fflC 


X 


X 


X 


X 


X 


P GEX-2T 


For pGEX-IXT: The GST carrier protein may be separated from the fusion protein using 
the sirr-specinc protease thrombin. 


tac 


X 


X 


X 


X 


X 


For pGEX-2T: The GST carrier prorein may be separated from the fusion protein using 
che.site-spcct/ic protease thrombin. 

For pGEX-3X: The GST carrier protein may be separated from the fusion protein using 
the site-specific protease factor Xa. 
• Reading frame: 


pGEX-3X 


For pCEX-lXT: The reading frame at ihe £coR ) site is GAA TTC ATC. This is compatible 
with the EcoR I site in X gtl 1 . 




X 


X 


X 


X 


X 


For pGEX-2T: The reading frame at rhc EcoR I site is GGA ATT CAT. 
For pCEX-3X: The reading frame at the £coR 1 site is GGG AAT TCA. 

• Host(s): E. coli. The plasmid provides lac l q repressor. 

• Selectable markers): Plasmid confers resistance to 50 fig/ml ampicillin. 

• Amplification: Recommended, 


pRIT2T 


• Induction: The lambda P^ promoter is induced by shirting the growth temperature from 
30°C to A2°C for 90 minutes. 

• Expression: Proteins are expressed as fusion proteins with Staphylococcal protein A. The 
lambda cro gene supplies an ATG. No signal sequence is provided; therefore rhe protein 
remains intracellular. Transcription and translation Termination signals arc provided. Fusion 
protein may be purified on IgG Sepharosc {1 7-0969-01 ). The size of the protein A carrier 
protein is about 24 kDa. 

• Host(s): N4830-1/NC99I*. N4830-1 must be used for expression, as it contains the 
Temperature-sensitive e/857 repressor. 

• Selectable maxkerfs): Plasmid confers resistance to 100 ug/m! ampicillin. 
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pEZZ 18 


• Expression: Expression is controlled by boih the ladJVS and protein A promoters and is not 
inducible. Proceins are expressed as fusions with the synthetic ZZ peptide which is based on 
an IgG binding domain of protein A. The protein A signal sequence is provided so expression 
in £. coli leads to secretion of fusion proteins into the culture medium. Elements of the 
protein A gene provide both the ATG and ribosorne-binding sire. Stop codons must be 
provided by the insert. Fusion protein may be purified on IgG Sepharose (17-0969«01). 

The size of the ZZ carrier is about 14 kDa. 

• Sequencing: M 13 Universal Sequencing Primer and Ml 3 -40 Sequencing Primer can be 
used for both double-stranded and smglc-srranded sequencing. A protocol for production 
of single-stranded DNA is provided with the vector. 

• Cloning: Inserts containing a stop codon will yield white colonies when grown on media 
containing X-gal. 

• Hosr(s): £. coli. 

• Selectable markcHs): Plasmid confers resistance to 70 Mg/ml ampicillin. 
» Amplification: Recommended. 
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pMC1871 


» Expression: The lac gene is promoter less and missing the first eight non-essenrial amino acids. 

Inserts cloned into the Sma I site give fusion proteins with £-gal. Insert must contain a 

promote^ ATG, and ribosorne-binding site. 
» Hosi(s); £. coli saains carrying a lac deletion. j 
• Selectable marker^): Plasmid confers resistance to 15 ug/ml tetracycline. 








X 




« 



To Order or for Technical Service: *r (800) 526-3593 
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Corrigendum/Erratum 

A novel vascular endothelial growth factor, 
VEGF-C, is a ligand for the Flt4 (VEGFR-3) and 
KDR (VEGFR-2) receptor tyrosine kinases 

Vladimir Joukov, Katri Pajusola, Arja Kaipainen, 

Dmitri Chilov, Isto Lahtinen, Eola Kukk, 

Olli Saksela, Nisse Kalkkinen and Kari Alitalo 

The EMBO Journal 15. 290-298. 1996 

Our recent results on the nascent VEGF-C polypeptide 
immunoprecipitated from metabolically labelled cells sug- 
gest that the intracellular precursor protein is larger than 
the secreted protein, for which we predicted the open 
reading frame given in our paper in EMBO 7., 15 (2). 
290-298 (1996). This would suggest that an upstream 
ATG codon at position 352 in the same reading frame of 
the VEGF-C cDNA sequence (accession number X94216) 
is used for initiation of translation, resulting in an addi- 
tional N-terminal 'prepro- VEGF-C' peptide: MHLLGFFS- 
VACSLLAAALLPGPREAPAAAAAFESGLDLSDAEP- 
D AGE ATAYAS KDLEEQLRS VSS VDEL. This sequence 
is identical to the N-terminus of the .peptide sequence of 
Lee et al. (U43142), submitted to the database on 
December 12, 1995. The numbering of amino acid residues 
of VEGF-C presented in Figure 3B would then be 70- 
419 and in Figure 3C 275-365 (starting from the first 
methionine residue of the 4 prepro- VEGF-C'). The 
sequence underlined in Figure 3B thus represents the C- 
terminal part of the 'prepro- VEGF-C peptide rather than 
the signal peptide. However, the alignment of the homo- 
logous sequences in Figure 3B and C remains unchanged. 
The predicted molecular mass of the entire VEGF-C 
precursor is 46 883 and the length is 419 amino acid 
residues. Our EMBL, GenBank and DDBJ entry X94216 
includes these features. 

The sentence on the title page 290: 'B.Olofsson and 
K.Pajusola contributed equally to this work, as did 
K.Alitalo and U.Eriksson' was erroneously copied by 
Oxford University Press from the given title page of the 
reference: 01ofsson,B. et al. (1996) Proc. Natl Acad. Sci 
USA, in press. 
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nucleotide sequence and expression of a novel human receptor-type 
tyrosine kinase gene {fit) closely related to the fms family 

,Vlasabumi Shibuya, Sachiko Yamaguchi, Akira Yamane, Toshio Ikeda, Arinobu Tojo, Hitoshi 
Vlatsushime & Misako Sato 1 

per rtment of Genetics, Institute of Medical Science, University of Tokyo, Minato-ku, Tokyo 108, Japan'- 



^ new human gene encoding a receptor-type tyrosine 
kinase was isolated by a weak cross-hybridization with 
s . r os oncogene, A cDNA of about 7.7 kb carried a 4.2 kb 
open reading frame, and the predicted amino acid 
sequence of 1338 residues contained extracellular, trans- 
membrane and tyrosine kinase domains. Although its 
extracellular domain is approximately 220 amino acids 
lo; ]er than those of the products of the fms family, i.e. 
c-y./tJ, c-kit and platelet-derived growth factor receptor 
genes, the overall structure including cysteine motifs in its 
extracellular domain and a long peptide insertion in its 
tyrosine kinase domain indicates that this new gene is 
closely related to the fms family. Consequently, the gene 
was designated as fit (fms-fike Tyrosine kinase) gene. The 
expression of the fit gene was strongly suppressed in most 
of the tumor cell lines examined so far, whereas this 
rnRNA was expressed in a variety of normal tissues of 
at-ult rat. 



Introduction 

Most of the tyrosine kinase genes carry potential; trans- 
forming activities, and appear to have important roles 
in the signal transduction pathways for cell growth and 
differentiation in normal conditions (Bishop, 1985). Up 
tj now, more than 30 genes of tyrosine kinase have 
been molecularly cloned. However, the large number of 
peptide hormones and factors reported -in animal tissues 
suggest that many important receptor genes still remain 
to be isolated from a variety of tissues in higher 
organisms. 

Tyrosine kinase genes can be divided into two major 
groups: one a group of non-receptor-type genes such as 
.src of Rous sarcoma virus and the other a group of 
*eceptor-type genes. Similar to the case of non-receptor- 
cype tyrosine kinase genes, receptor-type tyrosine kinase 
genes contain several gene families with respect to 
nucleotide and amino acid homology: (1) EGF receptor 
gene (c-erbB)/c-erbB2{neu) genes, (2) insulin-receptor/ 
insulin-like growth factor I receptor genes, and (3) the 
c-fms gene families. The c-fms family includes three bio- 
logically unique genes, colony stimulating factor- 1. 
(CSF-1) receptor gene {c-fms) (Hampe etal\ 1984; Sherr 
et al, 1985), platelet-derived growth factor (RDGF) 
receptor gene (Yarden et dl, 1986; Matsui et al\ 1989) 
and c-kit gene which is the cellular counterpart of v-kit 
gene obtained from HZ4 feline sarcoma virus (Besmer 
et al\ 1986; Yarden et a/., 1987; Qiu et al, 1988). The 
characteristics of this family are a long peptide insertion 
in the middle of the tyrosine kinase domain and a 
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unique distribution of cysteine residues in the extra- 
cellular domain. Furthermore, the ligands identified for 
this family, CSF-1 and PDGF, consist of a dimer struc- 
ture with subunits of approximately 20 000 daltons con- 
nected with disulfide bonds (Waterficld et al, 1983; 
Johnsson et al, 1984; Stanley & Heard, 1977; Das & 
Stanley, 1982). Although the ligand and the physiologi- 
cal functions of the c-kit gene are not yet clear, recent 
studies revealed that this genesis tightly linked: to the 
murine White (W) locus which has pleiotropic effects on 
embryonic development and hematopoiesis (Chabot et 
al, 1988; Geissler et al, 1988). • 

Recently we . have molecularly cloned a human 
genomic DNA fragment bearing an exon for a portion 
of a new tyrosine kinase gene, probed with w-ros 
sequence under a hybridization condition of low strin- 
gency (Matsushime et al, 1987). An in situ hybridization 
analysis revealed that this new : gene {fit) is located on 
human chromosome 13ql2-13 where no protein,: kinase 
gene has so far been assigned (Satoh et al, 1987).; As an 
initial step to elucidate the physiological significance of 
fit gene in normal tissues and its potential transforming 
activity, we isolated y?r cDNA clones and determined its 
primary structure. Here we report the entire coding 
sequence and the predicted protein structure of the fit 
gene, which is found to be. a hew member of the fms 
family. 

Results and discussion 

Isolation and nucleotide sequencing of fit cDNAs . 

We previously obtained from a; human genomic library 
a DNA fragment (fit) which contains an exon 123 base 
pairs (bp) long (Matsushime et al, 1987). Using this 
DNA as a probe, expression of the fit gene was surveyed 
in several human cell lines and placenta tissue by 
Northern blot analysis (Figure! la). We could detect a 
faint band of approximately 8.0.kb both in placenta and 
in a cell line 293. -| 

To isolate the. relevant cDNA molecule, we con- 
structed a human placenta cDN A library ' which con- 
tains relatively long cDNA molecules (see Materials and 
methods). Among 7 fit cDN A. clones obtaineii, two 
overlapping clones, #3-7 (5.6 kb) for the 5'-half; region 
and # 3-5 (4.5 kb) for the 3'-ha|f region were sequenced 
by the dideoxynucleotide method (Sanger et.al, 1977). 

The predicted structure of the flti gene product 

The entire cDN A sequence of 7680 bp is shown in 
Figure 2. A long ' open reading frame starts at' the 
nucleotide residue 1 and continues for about 4.2 kb. The 
first ATG codon exists at the jnucleotide residue 250- 
252. Although no termination codons are present 
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Figure 1 Northern blot analysis of the human fit gene. Poly (A)* 
RNA was prepared from various tissues and cell lines (sec 
Materials and methods), and of these RNAs were separated 
on a gel, transferred to a nitrocellulose filter and hybridized with 
EcoRI-BamHI 0.8 kb fragment of human genomic fit ' DNA 
(Matsushime et a/., 1987) (upper panel in a) or with #3-7 fit 
cDNA (lower panel in a, and b) as a probe. RNA samples .in (a): 
lane 1, KB cell; lane 2, 293 ceil (a cell line derived from human 
embryo kidney); lane 3, Daudi (B-lymphoma); lane 4, Namalwa 
(B-lymphoma); lane 5, Kato-in (human gastric adenocarcinoma 
cell line); lane 6, Ito-II (human testicular tumor cell. line); lane 7, 
Molt-4 (T-Iymphoma); lane 8, B16 . (mouse melanoma cell: line); 
lane 9, human placenta. RNA sampies in (b): lane I, human pla- 
centa (low amount of RNA, 0.2^g); lane 2, human placenta: lane 
3, human liver; lane 4, human muscle; lane 5, human kidney.; lane 
6, 293 eel! line; lane 7, 293E1 cell line; lane 8, BeWo (human cho- 
riocarcinoma cell line) 



region of several other receptor-type tyrosine kinj 
genes, i.e. EGF receptor and insulin receptor g« n 
(Ullrich era/., 1984; Ebina et a/, 1985; Ullrich et aL 
1985), (2) a short stretch including the 250-252 Am 
codon, TCACCATGG, is well matched with Kozakv 
criteria CC(A/G)CCATGG for the initiation codon J 
-mammalian species. (Kozak, 1984); (3) this ATG is fofl 
lowed by 21 codons which are mostly for hydrophobic^ 
amino acids, and therefore the features of this region arf 
consistent with these of a signal peptide of membrane* 
proteins; (4) the position of this ATG codon is identical! 
to the position' of the initiation codons in the/mj g C n c i 
family when the cysteine residues in the fit extracellular 
domain are aligned to those of the fins gene product^ 
Calculating from this ATG codon as the amino acids 
residue 1, the predicted fit gene product consists of 133gi 
amino acid residues and the molecular weight wav 
expected to be 150 565 daltons.: 



Possible domain structure of the. fit gene product 

The fit product can be subdivided into three regions: a^l 
758-amino-acid extracellular domain; a 22-amino-acidM 
transmembrane domain .which is followed by a cluster^! 
of basic amino acids (Arg-Lys-Met-Lys-Arg); : a 558-1-I 
amino-acid cytoplasmic region containing a tyrosine «| 
kinase domain. This kinase domain has a Gly-X-GIy-x-^1 
x-Gly stretch at the residues .83;4-839, a conserved lysineff 
at the ATP binding site (residue 861) and a tyrosine^! 
residue (# 1053) as ^the putative autophosphorylation"' 
site which corresponds to tyrosine- #416 in the sre gene ' 
product. One of the most remarkable features of thej?f iJ 
tyrosine kinase domain is a very long peptide (66 amino l 

' acids) insertion at the middle of the kinase domain. The V 
position and the length of this! insert are essentially the >j 
same as those in Iht fins gene family (Figure 3). further- £1 
more, a striking similarity between Jit gene product and :| 

. the c-/mj'gene family was alsoidetected in the distribu- ■ 
tion of . cysteine residues within the extracellular [ 
domain, as shown in Figures 3;and 4. Thus, thejffr gene II 
appears to belong to the fins j family, and also i to the' 
immunoglobulin superfamily' | in which cysteine resi- 
dues form intramolecular disulfide bonds for appro pri- f.l 
ate folding of ligand.binding domain (Williams, 1989). (\ 
However, a clear structural HirTerence exists between i\ 
the fit gene product and the fins family: the length of the jj 
extracellular domain in the fit gene product is about 220 i| 
amino acids longer than those in the fms, kit andPDGF |j 
receptor gene products. Although there are several pos- $1 
sible explanations for the origiri of this77r-specific' region II 
(Stretch b in Figure 4), a partial gene . duplication in the JJ 
extracellular domain seems most likely, because k weak gj 
but significant . amino acid homology was observed 
between the j9r-specific sequence (residues, 550-745) and^ 
the 230-arnino-acid region j us tj upstream of the! trans- |J 
membrane domain in the/ms. family (Figure 4). Recently sj 
we have confirmed the presence 1 of this /7r-specific! region |3 
in murine fit cDNA (Yamane & Shibuya, unpublished || 
results). 



upstream from this ATG codon, we consider that this 
ATG is the initiation codon of fit gene product fo r t 1 
following reasons; (1) the nucleotide residue 1 to 249 are 
extremely GC-rich (approximately 80%) and this char- 
acteristic is similar to that of the upstream noncoding 



H omology between fit and other tyrosine kinase genes 

Since the fit gene was originally: isolated on the basis of j 
a weak nucleotide homology j with v-rw DNA, the j 
overall homologies of the fit tyrosine kinase domain j 
except for the insert region at the amino acid level were j 



:,1 

k.9 



-:.-J 

r 



•a 
• C 



•5 

■ . 2 



RECEPTOR GENE IS A NEW ME 



OF FAMILY 521 



I 

0 

HZ 

S N 



I 

8 

kb 



#3-7 
#3-5 



i*~.ccceecc. .t-rccTwc-rcrtesoc; aCcccccac. 



H B 5 



s»ccc«cecTe»t«ctec«;etc«esc5«<c».et>e.t 



>*cet t ccc.t«c 5 c6t»eeicectice»&ccrKc»cctc^': 
rcicctTe**.»Tt» 



1 1 tcre« reec-r s •* «ree tc 



CTt»tli»»CU 

e,ii..> ML , a < r?gl . ll „ M 



r,.,u M .|,f,.il«t,u„.| 1 ,KKI.iin„<;i,| ItiiUuMKritrmuiii)..'*.* ...... 

^tci.c»crte«Tc*«*.crcT»cTci-r&.».TCTMC»w»«»Tcrr66»eT6s-:tucAC»c»CAcee*» 4.0.4 



llCI ACCTCATTCCTTIA 



■ •i.».i.t.4.,.<>.T»roi.i 



c * » <c *** c « »VSr«"»cT tc'cct&Itt Ii ctTcctctUc- 



t'lSCCTTCTClCtWCuctJll 



«c« » * cr *TCrc.e» e » tcca* • 

lw<t ILw4«i^» ( i|.* 1 ir«»*i a u.t 

Gttc t e ere* » t *•* t ctcct i e c actc e me * 



ClfCk£*CtTO.< 



.CCCATAATCTCCUaC 



Ce»»*TtClCC5TtT»Cl*lCtCi 



MUMMIO#l,»ei.«l,iMlMlot«l^,U.»l.l.<».f«Mi..U.M.rt»T»M,^,,. M .,, ll ,,.... 1 , l . 

» t orrt«.e*rT6.cTtt.««cT»»«c»eTw»»eT»»«Keic««cc?CTeTC»»erc*cc»eeecc»erTTCT«c»iT«IiiTii 



ucti:cro>«c. 



'..C'j.. 



««-~AccA...<c<cc; e :^ 

■ '« > »« t • A r^TtV • •P««Crl*. • *• -»»*e» . 



CCTaTCCCTCaaCCTACAi 



ITC£Ttctccc.« 



6*cteeTTT»TeCTce4T«CTtfjke*cc*»ciT«*»i 

• •■«!«■■ tT»rlw«4lllUil»itlMl« I t«f*r CI « I kiT.rl kricTtS I. 

i rc*rr4«»c me ct^stscctc* ctct tc* » tttct«c» . t er»c» t f W. ti 



i.ei.«t . 



r • c At. * v 4 c ctt M.T rc ci rr n 



un;*C4(/icfecccitC4C£A< 



>III..H'l«CI«;uil.PflT,ll..»ti.»r,.„l.„ 
;«rt4(4t4TC'k(* >LC«i.V«nci-fvi.TlWi» •VVTC 



till 

mi 



»»«• 

10)1 



aac cicaaaatacaaCaacaccctcxaattattttaccaccaccaacc .< 



^tccf.4*i»4«*«i«cetmTft 



utu4iinMLiH'i,i4ruiiT4»u tc o ce c »*> t « « 4 en crme c. tc 4« *vtci c . evee e-r satt . 1 t»x c 
««*MACTr^«tttc.CASeTtilA4;t«tcttII«««itiItcIc«c 



l»»C).T,ft,l>li 



^C.C^-TJCA.^A^Jf.. 



n~'.i.i»»ti> niwwi 



AACieecrcetcersTACTfeiCTeeAi 

* * C CTTTTC CCAGT ATTATC C A ? AT AT4 4 C ^"TT . < * C fTTT A ^^'^f Ci*<S t*CC C fctCTCCTTTlTCT Ol^TTm A A T ACTT3 

C 1 1 1 1 1 1 1 1 1 ns4e^^4»eAATSt».£^ec*e4T»CAe.4.»ACT«Ae»Ae^»-...e.fT^ecrA.. w ^«»cTT*eT*Ae 
'CftAe*e4.ATecr«CT4»4CCC4*WArr^e:cTSCT«»4c«eteeeAt^»cowAcsc*o«Aee»«T-rTCAr»eAeoACC-ic 
c»iTeiTc»rcc*ATCc*TC*ccr4cccc4Ctee6er>crecT:e»eeec»»AA«C4oeerAAefcA«e«eiT>rA«te«e*«sscAT«Ae 
Tcscrcctff'eteeAAeii^eM^eteeTCTACCAesceTAActcfcTcrcAeeieeAAAAteAAAAAA^eAA.AAecAfcaeoAaAA. 
A*.«A«A«€e8AOAA«ce»Te»6AAAC44TTTCiCA«c»ceATC^cece»eec*eeec«cesecrTCAee..TeeeAi-^At W ;c« 
rr< cc 4 C ere t j a cccttcta c » ttts Aeccccc4ecc4ecAee»CAixCA caccca tc aqgc ct e*n-rrerecATTt7ieccAe«t4AS 

****^"^***A ATATCT ! 1 TCtf4 A Cf aa.CC A AA T TTT A C ACCTTT A C CT A TOC A ACTCCTTCT A TCTCC 4TTCTCA TTCCTCCCA TCT 

tttc 4 rr T e t tee* rrcAcetrt e c 4cre» .ctcto a eece t t .cr-i^cCTCC-rcr acta ac* tc ca ere • a a* ctt «c cc » cactta 

CC*TCTCTCC A6CCCATC4 TCCCC*T4CA rTY AA A a TCTCaCATT CTATTTTCCCTA^TAAt ATAT ACTCC4C ACACTTAaCTCa AT^TC 

ireeT*TTATTrrc^rrec»CAC»«»eTwrreAiAeA4Aec^«A«A»oAAT*AAAArceA<Tcc^eACCAeA«TTTfeTecAT»TeAA4 
•eeA«cteTeAtec*CCA4AAAeeTc»»TiAC«Tf4AeicAA«4cececT«rtATAtc.Ace»A4.cCAATiCAceA»<ACAeTTCceAC 

CC A 4 A AC AC AC C A ACTC AC T C A CGTTT C CTTTTC ♦ T^TTt A CCA TTCCi A T^Ch(ACt*tTmt4ACt A YCTCG A aCACCATTa 

cctcccic* i att » Aec*crrr a acctccttsam a a a i acctcc^a t ct. a tt^ atcca a car atttctc c*rr rcccAcr c acca.1 a t 
tact» A4 tcaccc t tc act a«a aca aa ACf eftrm c» a ere ctttca itcrrct e-w:cceTTT« acc ou^iotTMiixkoi 
«c t ai£a aacccccc?ta cren c acsctct 4 1 • «a tc t » etzece e-rrce a Tcerr AACCtcecr ct«tt*ca tcctatttakcaact 
ta« octcta re t attt acca tec c : cr « rre-rr: accctct a a tCA-rCA act ceeerrtecATCCCr AACCTcecTcrorrcA-trr.t 

TCTCTCCaCC^TTCCACCCaJTCAC4 ACCTC CaCACCC AACACrtCATTCCTCCTTCTY 

ccecACAA-ACTArct'i 1 tt 1 1 1 ' A*ctAtvr a« *r^AAcrcf acaacctcacctct aactaacccaacaatcta tccctctcttcttat 
CTGCtkctTU* iTrrT^>A4ccrTrrsTCiATeA4:A««TtMACccTC4TCACrACAnL'ccTACYCACccT4CTCCCTCCTCSCACCC 

CC^TT TC TC Ca iC'CIC ACT 4C f C4C4 A£ ac 4C£actc CC4 C4CT CCTCTCC AC f aaA atct a aa f CCa aa4)aa>a ac*C AC CC^ aOaCCC i 
Ct ACACtCCACAAATCTTTSTTCTTCCTCrTn 1 1 4C4 t a t.rcr 4a ACtACeTCTt.C««CT»CCAAn-r»» Taaatcacctaactcca 

a«ca cctt» a actc ac a a a a a A< a ac» cere ACtei ai-ip» t- tmTrrrmrmTn«.»AKM.tuT<ccc«:cA..T.ct 

CAT4AC*AATAA4ACCT^ACeTCTTC»TCTCTTC«rTTeAAT4ATTA*TTCT^.tTe4T^4 4;c4eAee4»AATAA.*ACTe«WTe.AC 
AC A A A A eCAA A A C CATT 4C 4 ATTCTTACT CACCTC r» TCA A ArrCACCTTTCTACClTA C. TC* C*Ct AT CCA TC aCTI- a a ACJk 4t**Tt 
CrArCrCCACTk^AATCT>CAAACA4AA4TWlkC4C^TCTA4T4ArCACrrACrr<CAAACTCrrTeTrrAVT4AAA«A«CAeT«AA.A 
T^CA A AC A TO*4 f T#*CTCIT«*T*T7^ C»* TCiT^TC Ct ATTTlTSiC*'* A AT6CTTCCCACT A *C 4 4 AC 4 AC &A CC *CTT C CTTT C 1 
<»CrTTCT«4«A»AA IC**«CTCg«Af««TCT6CCrc«AATCCCCCTCAAACC*TT,»CCAACTCTCT C TI . 11CTC-ACTeCAAeA,AeTC4C 
* A * T AC4C^ CCCCTC CCT^OTTT^CTAffCCCAC 4 ACAATC CAA AC AT*C AA ACAC 4 TACT CCCT'AC C ^TCA FTTA AAT 

CCTC T ATCTC T CT TTTCT CCA f A ACT 4 TTf 4 A£ C4 4 4 f*Tt C fc * T^TT 4 A ACT T 4 CTTTT 4 TAC A AA CC AACAA T 4 YATCCTA CaCA TA TA 

ACA C A 6AC A TCerrrftCI CCt 4 ta ACTC ATtA tcaajct< WtTCta tac e atCTTCaT* t a a t 4 t. ctt a ... at atttCttaa 

»r81T4MfT;CCC«»n C CIin4» mnT l .t mCTTtC41>4HTTTTt44«4T4CT < .t 
CT A 4 A ATA AA CT t A AATTT 4 TCCTTCTTT AC *Ct 4 C A«A. 4 A ATT AAC AA A A AC-rTTB. AA *« 

tTCTCAA«AAATTCCTA«ATATTT-rCAATCCAAA4CTAA4TtTT4CTTTACCrCATTCTATCCCt.» t TUCAACCTT 1 C* fl 1 H ■ t TTT 
*^^*^* .CTtfTC t A A AT1CCC 4 Af AA TT^Cf CTCCATCA A AA TC CA 4 A TTA T CC ACT C T ACAT ATA TTTC ACf ATCa t*C 

* T^C 4 T 4TTC CCT A'iTTTT^CCT f TA TT AAC C. AA TTf A TTTC AtaCC^VA ATCTCT CCCT 4TA TATTCTCTCCTCTTTC TA TTCTCCT 
T TCA ACC C CT T A A A 4>*4 TrCTCTCV ACTC 



TTCtCA I I TCI AATCCTACrAACTTAI 



Figure 2 Nucleotide sequence and predicted amino acid sequence of the fix cDNA. (a) Representative cDNA clones, restriction sites 
and the open reading frame are indicated, (b) Nucleotide and amino acid sequences in the fit gene. The number of amino acid 
residues is started from the putative initiation codon at nucleotide residue 250-252. A heavy underline at the amino terminal region 
indicates a possible signal peptide. Another heavy underline in the middle of the sequence shows putative transmembrane domain. 
Cysteine- residues within the extracellular domain (1-19) are encircled. Potential N-giycosviation sites in the same domain are shown 
by broken lines. Small open circles indicate glysine residues at G-X-G-X-X-G region in the- tyrosine kinase domain, and closed circle 
represents putative ATP binding site. Thin underline in the middle'of the cytoplasmic domain indicates the'long insert within the 
kinase domain, and the open square shows the tyrosine residue for a possible autophosphorylation. B, Bg.II; H, Hindlll; N, Ncol; S, 
Smal r ■ 



compared among various other protein kinase genes. As 
siown in Table 1, the homology was higher, with the. 
fins family (54-60%), whereas those with other receptor- 
type (including c-ros gene) or non-receptor-type tyrosine 
kinase genes were lower (35-38%). Thus the : homology 
score further supports the hypothesis that the Jit gene is 
closely related to the fms family (Figure 5). 

Although the amino acid homology in the tyrosine 
kinase domain is remarkable between the fit and fms 
families, the long peptide insert in the middle of the fit 



tyrosine kinase domain has little or no significant 
homology with the insert of any member of the fms 
family. Thus, this region might have a role in specific 
function(s) of each gene product bfithe c-fms/flt family. 
Recently, Escobedo 8c Williams (1988) have reported 
that a mutant of PDGF receptor carrying, a deletion 
within the insert region in the kinase domain cannot 
stimulate mitogenic response in spite of exhibiting tyro- 
sine kinase activity and other biological functions in 
response to PDGF. 
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Figure 3 Comparison of the amino acid sequences between fit 
gene and other members of /ms family, (/itis, fcit, and PDGF 
receptor). The amino acid sequences were aligned and gaps (empty 
space) were introduced for optimal homology. Amino acids in the 
fins family identical to those in the^i gene product are "indicated 
by a. dash. The sequence of PDGF receptor is that reported by 
Yardcn et ai (1986). (a) Similarity of the extracellular domain. The . 
regions from signal peptides (SP) to the middle of transmembrane 
domajes are indicated. All cysteine residues are circled or boxed. 
Ajnino acid residues #550 to # 745 are ^-specific, (b) Similarity 
or the intracellular domain. The regions from the middle of trans- 
membrane domain (TM) to the carboxyl cnds are indicated. Three 
conserved glysine residues, the lysine for the potential ATP 
binding site and the potential tyrosine auto phosphorylation site 
are. indicated by open circles, by a closed circle and by a open 
square, respectively. The region of tyrosine kinase domain is 
shown by arrows , : 

Expression of the fit gene in cell lines and normal tissues 

In order to study the physiological significance of the fit 
gene, its expression was examined bv Northern blot 
analysis using molecuiarly cloned fit cDNA. PoIy(A) + 
RNAs obtained from a variety of normal tissues and 



fit OS HSEAf<^K^f;N£ E 5 riLDA0S ^ GNRI£:SIT0RMA::EC 

f*s 250 QCEAAQI\(c£ AStf I DVNrivSLRKCDTKLTI SQOSDTHDN 

fit 55 5 KNKKA S7LVVAD S R I SCI Y Xg> A SU K VOTVGRN : S F X I 

'.ms 2 9 0 RYQKVLTLNLDHVSr S D Ap W YS^T A TN A 'h*gL M5 AS. m . V TR V 

fit 5 53 7DVP NCrKVNLEXMPTECEDLKL^VNKrLyRDVTWIL 

fns 330 VESAYSNL7SEQSLLQEV7VGEXVDL0VXVEAYPCLE ST 

fit 55: ■LBTVNNRTKHYSISKOKMAZTKEKSITLNLTIMNVSLQDS ' 

f.ns 2€9 NWTYLGPFSDYCCKLDrVTIKDTYRYTSTLSLPRLKRSES 



I 



; lt 632 GTYA£RARNVYTCEEILQKKEI7IP;D0EAPYLLRNLSDHT 
fms <C >9 |CRY5FLARNA CGQNAL TrEL7L^ Y P? EVR VT MT 



fit €72 VAjlsSSTTLdgKASCVPEPQITVs 
fws <<2 ~ [iNCSDTLlg^ASGYPOPSVTW 



TK NNHKIQ 0E? CIX 




fit 70 9 LGPG SSTL P- I ERV T EE DEC V^KcXATN 

fms 481 LEDSHSEVLSQV?rYEvivHSLLAIGTLEHNR?r^)lArN ! 

fit 736 OKGSVESSAY LTVQG TSDKSNL 
fns 52 1 SVGNSSQTrWPISIGAHTPLPD 

Figure 4 A possible panial gene duplication of extracellular 
domain in the fit sequence. About 280 amino acid residues 
upstream from- the transmembrane domain (shadowed-: box) in the 
fit and the/nu genes are compared. Highly conserved! regions are 
boxed and all cysteine residues are circled. Sequences m (a) and in 
(b) are considered to be partially duplicated in the fit genome 

cell lines were hybridized with #3-7 5.6 kb human fix 
cDNA. As shown in Figure lib, a higher expression was 
detected in human placenta; tissue, and .weakly hybrid 
ized bands were observed in human embryo kidney 
derived cell lines, 293 ! and 293E1, ! and i 
choriocarcinoma cell line, Be Wo (Graham ei a/., 1977; 
Chinnadurai et ol. t 1978; Pattillb et aU 1968). In addi- 
tion, faint bands were also detected in liver, muscle and 
kidney of human. I 

To examine further the tissue-specific expression of 
thej?r gene in animals, we rrioleculariy cloned ; the entire 

Table 1 Amino acid homology in; tyrosine kinase domain between 
^ jh g=ne and other genes of sre family 



Gene 



. Ammo-half* 

■ % 



Insert* 

% 



CarboxyUhaltf 



v-fms 

PDGF-Ractf 

PDGF-R0J 

v-*ir 

\-erbB . 

v-ros 

v-src 



57 
59 
57 
62 
26 
32 
30 
32 



5 
13 
13 
11 



■53 
58 
53 
58 
42 
43 
38 
41 



•fit residue #8I3-#929 
" #930- #994 
t #995-#U52 

tt PDGF-Ra: Matsui et at.'. 1989 
J PDGF-R0: Yarden et aL 1986 



1 



; 



FLT RECEPTOR GENE IS A NEW MEMBER. OF FMS FAMILY 
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Figure 5 Schematic comparison of the Jit gene product with 
those of other representative tyrosine kinase genes 

coding region of fit cDNA of rat, and both human and 
rat fit cDNAs were used- as probes. The nucleotide 
sequence of rat fit cDNA will be described elsewhere 
(Yimane & Shibuya, unpublished). In adult tissues of 
rat, fit mRNA was detected in many tissues such as 
lung, placenta, liver, kidney, heart and brain : : the 
highest expression was observed in the lung (Figure 6, 
Table 2). 

In contrast to these findings, the fit mRNA was not 
detectable or extremely low, if any, in most of the 20 
human tumor cell b'nes examined. These malignant cell 
lines include epithelial and adenomatous carcinomas, T- 
and B-lymphomas, and leukemias of erythroid, granulo- 
c; tic and monocytic lineages (Figure 1, Table 2). These 
results might suggest that the fix gene is not directly 



28S - 



18S ■ 



18S- 




'mm 

tSliSiaBteSti:: \ ... 





Figure 6 Expression of Jit gene in various normal tissues of rat. 
About 2/*g of poly (A)* RNA was separated on an agarose gel, 
transferred to a nitrocellulose filter and hybridized with 0.9 kb rat 
Jit cDNA corresponding to tyrosine kinase domain {upper panel) 
or chicken beta actin cDNA (lower panel) as probes. Lane i, liver; 
lane 2, kidney; lane 3, thymus; lane 4, testis: lane 5. placenta: lane 
6, brain; lane 7, heart; lane 8. lung 



Table 2 Expression op?; gene in norma) ti ssues and cell lines 
Nor mat tissues Cell tine 



H uman 




Human 




placenta 


*»- H- 


BeWo (choriocarcinoma) 




muscle 


-r 


T3M3 (choriocarcinoma) 




liver 


■f 


293 (embryo kidney) 




kidney 


+ 


293E1 (embryo kidney) 


-A. 


Rat 




Daudi (B-lymphoma) 


_ 


placenta 


+ 


Namalwa (B-lymphoma) 




lung 




Raji (B-lymphoma) 




heart 




Molt-4 (T-lymphoma) 




brain 




HL60 (promyelocyte leukemia) 


- 


testis 




Kio2 (chronic myelogenous 




thymus 




leukemia): 


+ /- 


kidney 




Hela (cervical cancer) 




liver 




A431 (epitheloid cancer) 








Kato-III (gastric cancer) 








GK-T3 (small cell lung ca.) 








' Ito-II (testicular tumor) 








FL (amnion tissue) 








A549 








143B 








Mouse 








B16 melanoma 





involved in the process of.cell proliferation, but in differ- 
entiation or maintenance of normal tissues in physio- 
logical conditions. 

Subgenomic fragments of the fit mRNA 

A genomic fit DNA corresponding to the middle 
portion of the kinase domain detected only 7.5-8.0 kb 
species of mRNA. (Figure la), whereas, #3-7 cDNA 
probe, which bear the entire coding region of fit gene, 
detected other species of. mRNA (2.2 and 3.0 kb) as well 
as 7.5-8.0 kb mRNA (Figure 1). As an explanation for 
these small-sized mRNAs,- crossj-hybridization of this 
cDNA probe with other tyrosine kinase genes seems 
unlikely; becuase most of the cells expressing 7.5-8.0 kb 
fit mRNA also showed 2.2 and! 3.0 kb mRNAs Svhen 
hybridized with #3-7 cDNA prjobe. Our preliminary 
results (Ikeda & Shibuya, unpublished results) indicate 
that these short mRNAs appear tb be due to premature 
termination of the transcripts within the extracellular 
domain of the fit gene. Since, these small fit mfcNAs 
could encode for about amino^terminal. half of the 
extracellular domain of this gene product, these mol- 
ecules might have a . regulatory j role in physiological 
condition, through binding and absorbing the'; yet 
unidentified fit ligand. 

Js the fit gene involved in carcinogenesis of animals? ; 

A relationship between the^r gene and tumorigenicity 
in higher organisms was examined . by Southern -blot 
analysis.. Approximately 100 human tumor cells (about 
30 gastric cancers, 25 brain tumors, 10 colon cancers 
and other types) did not carry gene amplification or 
rearranged fragments of fit DNAi at a detectable level 
(data not shown). Thus, we have no direct evidence to 
support the involvement of fit. gene in carcinogenesis of 
animals. However, Walker et a/. ; (1987) have recently 
reported overexpression of an 8.5jkb mRNA in experi- 
mental, rat tracheal carcinoma which was detected by 
cross-hybridization with v-fms pro'be. It would be inter- 
esting to clarify whether this 8.5 kb /ms-like gene in xats 
is a cognate cellular gene of the human fit. 
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Materials and methods 

Construction of the cDNA library 

Poly (A)* RNA was prepared from fresh tissue of normal 
human placenta and used for making a cDNA library. The 
library was constructed by the method described by LaPolla 
et al. (19S4). Briefly, -5 /jg of poly (A)*RNA was. used for syn- 
thesis of the first strand cDNA • with - AM V reverse tran- 
scriptase and oJigo(dT) primer. The second strand was then 
synthesized with £. coli DNA polymerase I and RNAase H 
for RNA primers. The cDNAs were treated with T4 DNA 
polymerase to make the ends flush, and the internal EcoRI 
sites were methylated. Both ends of cDNAs were ligated with 
EcoRI linkers and digested with EcoRI restriction endo- 
nuclease. Since the size of fit mRNA detected in Northern 
analysis was 7.5-8.0kb, cDNAs were size-fractionated on a 
Bio-Rad A5m Sepharose column, and the fraction containing 
larger cDNA molecules were collected and ligated to AgtlO or 
Agtll arms. The DNAs were packaged into pnage particles 
with a Gigapack plus kit and approximately 5 xi 10 3 indepen- 
dent phase clones were obtained. The size of inserts in these 
clones was about 2kb on average. This cDNA library was 
screened with fit genomic DNA probe using a method 
described by Benton & Davis (1977). 

DNA sequencing 

Two overlapping cDNA clones, #3-7 and #3-5 were 
sequenced by the dideoxynucleotide method (Sanger et al, 
1977). To sequence both strands, these fit cDNAs were sub- 
cloned in pUC plasmid vectors in both orientations and 
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various deletions from the 5'- or 2'-end were introduced i*,- 
the cDNA molecules by using a DNA deletion kit (TaK*T 
Shuzo, Kyoto). For DNA sequencing these deleti^f 
containing plasmid DNAs were prepared and denatured \M 
single-stranded form by an alkali method. The coding retried' 
of the fit DNA were sequenced at least three times, inciudi^ 



both directions.' 



Northern blotting analysis 

Total cellular RNA was prepared from' various cell lines aaf 
tissues by a gu an i dine/cesium chloride centrifugauor meth^P 
(Chirgwin et al, 1979). Poly (A) + RNA was obtained usiS^ 
oligo(dT) column chromatography and separated o n ^s* 
formaldehyde-containing agarose gel (Lehrach* et al n 1977K 
RNA was transferred to a nitrocellulose filter, baked for fix- 
ation and hybridized wither genomic or complement^ 
DNA sequences. Hybridization condition was 3 x SSC 
(1 x SSC: 0.15 m NaCl, 0.015 m Na citrate), 50% formamide # 
37 C C *fe 
. " # 
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Angiogenesis in vivo is distinguished by four stages: subsequent to the- 
transduction of signals to differentiate; stage 1 is defined as an altered proteolytic 
balance of the cell allowing it to digest through the surrounding matrix. These 
committed cells then proliferate (stage 2), and migrate (stage 3) to form aligned 
cords of cells. The final stage is the development of vessel patency (stage 4), 
generated by a coalescing of intracellular vacuoles. Subsequently, these structures 
anastamose and the initial flow of blood through the new vessel completes the 
process. We present and discuss how the available models most closely represent 
phases of in vivo angiogenesis. The enhancement of angiogenesis by hyaluronic 
acid fragments, transforming growth factor 0, tumor necrosis factor a, angiogenic 
okadaic acid, fibroblast growth factor, interleukin 8, vascular endothelial growth 
factor, haptoglobin, and gangliosides, and the inhibition of the process by 
hyaluronic acid, estrogen metabolites, genestein, heparin, cyclosporin A, placental 
RNase inhibitor, steroids, collagen synthesis inhibitors, thrombospondin, fumagellin, 
and protamine are also discussed. 

KEY WORDS: Angiogenesis, Cell proliferation, Cell migration, Proteolytic balance, 
Collagen synthesis inhibitors. 



I. Introduction 

Endothelial cells are derived from pluripotent mesodermal precursors 
during the process of vasculogenesis, which occurs in the extraembryonic 
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mesoderm of the yolk sac in both avian and mammalian embrvos. and in 
selected organ systems (Risau and Lemmon. 1988: Pardanaud ct al. . 1989). 
Angiogenesis is the development of the complex network of blood vessels 
that occurs following vasculogenesis. when endothelial cells proliferate * 
and migrate throughout the embryo. The' process of angiogenesis is im- 
portant not only during embryologicai development, but during a variety 
of normal and pathological conditions in the adult, including ovulation, 
implantation, during mammary gland changes associated with lactation, 
bone formation, inflammation wound repair! Jakob etaL. 1977: Gospodar- 
owicz and Thakral. 1978: Nomura et al.. 1989: Brannstrom et al.. 1988: 
Knighton et al., 1990), and tumor growth (Folkman. 1985: Furcht 
1986). 

Light and electron microscopy studies, combined with in situ hybridiza- 
tion, of both the normal genesis of vessels during embryologicai develop- 
ment and during tumor angiogenesis have demonstrated a number of dis- 
crete events that occur during antiogenesis (Schoefl. 1963: Yamagami. 
1 970). Following a stimulus for neovascularization endothelial cells change 
their morphology and begin to degrade their surrounding basement mem- 
brane (Ausprunk and Folkman. 1977; Moscatelli et al., 1980: Gross et 
al.. 1983). These ''leading*' cells must modulate the expression of their 
proteases to allow degradation of existing extracellular matrix (ECM) 
components, and the migrating cells following this front must be supported 
by the appropriate ECM to allow for their proliferation, migration, and 
differentiation into vascular tubes. This initial migration and proliferation 
is in a fibronectin-rich ECM, and during the later stages of angiogenesis, 
when cords of endothelial ceils align, the cells express laminin, a matrix 
component associated with vascular maturation (Risau and Lemmon. 
1988). Finally, the generation of vessel patency is achieved by the coalesc- 
ing of intra- and intercellular vacuoles (Sabin. 1920: Lewis, 1925: Clark 
and Clark, 1937). 

The dependence of tumor growth on angiogenesis is well documented 
(Folkman. 1990). This relationship has been demonstrated for many types 
of tumor, invasive breast cancer (Weidner et al., 1991), non-small cell 
lung cancer (Macchiarini et al., 1992), and prostate carcinoma (Weidner ' 
et al., 1993). Studies using the pancreatic 0 cells of animals transgenic 
for a hybrid oncogene (RIPl-Tag2) (Brinster et al., 1993) would indicate 
that angiogenesis is an important step in carcinogenesis in this system 
(Folkman et al., 1989a). 

To investigate factors that influence angiogenesis and to gain a more 
fundamental understanding of the cellular processes involved in the gener- 
ation of capillaries, it has been necessary to develop a number of models 
of angiogenesis. 
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A. Chicken Chorioallantoic Membrane Assay 

The chicken chorioallantoic membrane assay is a technique traditionally 
used by embryologists that involves analysis of the developmental po- 
tential of grafts transplanted onto the chorioallantoic membrane (CAM). 
Because the early chicken embryo lacks a complete immune system xe- 
nografts from mammalian species become established and grow. 
Vascularization of these grafts is rapid. 

Sorgente and colleagues (1975) first described the inhibitory effects of 
cartilage grafts on vascular development using this model. Subsequently, 
Folkman and co-workers (1979) used the model to study tumor angiogen- 
esis directly. Fertile eggs were incubated for 72 hrand prepared for grafting 
by removal of enough albumin to facilitate the placement of a graft without 
causing subsequent cramping and sticking to the shell membrane. A rectan- 
gular window was cut in the shell to place and access the graft or test 
substance on the CAM. Angiogenesis was scored 3 — \ days after grafting. 
Angiogenesis was considered to have been induced if a spoke-wheel 
arrangement of vessels was generated, directed toward the graft. Sub- 
stances were lyophilized onto coverslips, then applied to the CAM to 
examine the effects on angiogenesis (Folkman et al., 1979). 

Quantitation of angiogenesis using the CAM assay was initially done 
on a graded score of 0-4, by observation. Computer analysis was subse- 
quently applied to score the total number of vessels and obtain a directional 
vector value ( Voss et ai. ? 1984; Jakob and Voss,. 1984). The use of labeled ' 
sulfate to follow the angiogenic process has also made quantitation more 
accurate (Spisni et al., 1992). Apart from problems associated with quanti- 
tation, the most common problem is the result of false positives due to 
wounding or irritants generated during the initial setting up of the assay. ' 
Because an angiogenic response may be consequent to wound healing or 
inflammation (Mahaderan et al. f 1989), this problem is not surprising. The 
CAM assay is sensitive to modification by many factors, including gas 
content and pH. The most pronounced variation observed is of keratiniza- 
tion, which in turn has significant effects on the CAM response to stimula- 
tion (Ausprunk et al., 1991). This method has been applied to a wide range 
of both inhibitors and inducers of angiogenesis, as discussed in subsequent 
sections of this article (Folkman and Klagsbrun, 1987). 

A further development of this model has been the in vitro method of 
maintaining the chick embryo in culture (Auerbach et al., 1974). Although 
this is an in vitro assay, it is closest to a whole animal assay because the 
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entire embryo and its membranes remain intact. In this assav. the e«« 
content is transferred to a petri dish, where development continues to 
take place. This model has the advantage that multiple -rafts can be 
placed on one embryo, and the effects can be photographed over time. 
Quantitation is simplified by the fact that the in vitro CAM presents a 
two-dimensional monolayer, not subject to the distortion of the in ouo 
CAM assay. The advantage is that multiple grafts may then be placed on 
the one embryo, and they can more easily be photographed over time. A 
further modification of the in vitro CAM assay. in~which the embryo is 
supported on Gladwrap stretched across the mouth of a beaker (Dunn et 
at.. 1981), has improved embryo survival. The advantages of increased 
viability are offset -by the difficulty in photographing the results. This 
model is technically easier that the in ovo assay and is better suited to 
large-scale experiments. The addition of sterile silicon rings on the yolk 
sac membrane creates discrete observation windows and assists in quanti- 
tation (Takigawa et aL. 1990). 



B. Corneal Neovascularization Model 

As the cornea is normally avascular, induction of an angiogenic reaction 
is a true demonstration of neovascularization (Hendkin. 1978). The earliest 
studies of corneal neovascularization were in the rabbit (Gimbrone et at.. 
1974), in which insertion of tumor cells or extracts placed within 2 mm 
^ of the cornea-scleral junction generated vascular sprouts within 36 hr. 
However, because of the absence of genetically similar strains, expense, 
and difficulty in handling, other species have been used for angiogenesis 
studies in the cornea, including guinea pigs, rats, and mice (Fournier et 
1981; Muthukkaruppan and Auerbach, 1979; Muthukkaruppan et at., 
1982). Although the use of mice overcame the strain variation problem 
their small size makes the introduction of slow-release polymer into the 
eye a procedure requiring microsurgical skill. Quantitation of corneal 
neovascularization is difficult owing to the variability arising from an 
inability to achieve uniform placement of the test substance. Conse- 
quently, reagents under test have been incorporated into ethylene-vinyl 
acetate pellets (Elvax) prior to implantation into the cornea (Gimbrone et 
at., 1974; Risau, 1986). The implantation of tumor ceils also requires the 
incorporation of those cells into an inert medium that allows for accurate 
placement (Ausprunk and Folkman, 1977). The expression of corneal- 
derived cytokines such as interleukin 8 (IL-8), which has been shown to 
be angiogenic, may also lead to some variability in assays of angiogenic 
factors (Strieter a/., 1992). 
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Advances in image analysis (Proia ei <//.. 198<X; Haynes eral.. 1989) 
have improved the capacity to quantitate using the corneal model. Often a 
computerized digitalyzer. for example the Optomax Image analysis system 
(Optomax. Hollis. NY) or similar, is used. This system consists of a high- 
sensitivity closed circuit television (CCTV) camera mounted on a Nikon 
Optiphot-2 microscope. The image is displayed on a color video monitor 
that is interlaced with a microprocessor. Histological slides stained with 
von Willebrand factor antibodies may be used to locate blood vessel 
formation. Sequential monitoring of neovascularization in individual ani- 
mals makes it possible to evaluate progressive changes in the process 
( Folkval. 199 1 ). Indeed, development of computer-assisted image analysis 
has made many models of angiogenesis more quantitative (Parke et aL, 
1988). 



C. Pouch Assays 

The hamster cheek pouch is considered to be an "immune privileged" 
site because allogeneic or xenogeneic grafts may grow without eliciting 
an immune response. The anterior eye chamber is another "immune privi- 
leged" site that has been used to study neovascularization of preneoplastic 
mammary tumor cells (.Folkman et aL, 1989b). Quantitation of this model 
is by morphometric analysis of histologically prepared sections following 
angiogenesis. Tumor implants have also been used (Auerbach et aL, 1976) 
in this model, as have slow-release vectors to assess the effects of trans- 
forming growth factor (TGF-a) (Schreiber et aL, 1986). 

The dorsal air sac method was developed by Selye (1953). to monitor 
vascularization of tumor grafts. Dorsal air sacs are created by inject- 
ing 10-15 ml of air into the backs of rats, and the model modified 
by the insertion of a transparent window in the- skin, through which 
the process may be monitored. Using this model, angiogenesis mediated 
by the injection of tumor ceils (Sakamoto et aL, 1991) or endothelial 
cells (Schweigerer et aL, 1992) has been assayed in response to various 
reagents. 

The method of subcutaneous implantation of polyvinyl acetate (PVA) 
sponge disks impregnated with angiogenic factors is in common use (Fa- 
jardo et aL, 1988). Flat sponges of PVA foam are cut into Il-mm disks 
and their flat sides are sealed with Millippre (Bedford, MA) filters. Prior 
to sealing, a core is cut where the test material is to be inserted. This core 
is sealed with a slow-release polymer, ethylene-vinyl acetate copolymer 
(Elvax) (Langer et aL, 1980), then reinserted into the sponge. The sponges 
are recovered 1-3 weeks after subcutaneous implantation. Xenon clear- 
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ance has been shown to be a useful means of quantifying new blood vessel 
formation (Andmde er al., 1987). 

Several in vivo,' or in ovo, angiogenesis assays rely on being able to 
deliver a discrete amount of effector substance or cells to a precise loca- 
tion. Currently reagents are imbedded in Elvax, and the rate of release 
of components is dependent on the thickness of the coating of Elvax. 
making it difficult to reproduce these inserts. Alginate, a glycuron ex- 
tracted from brown seaweed algae, gels in the presence of calcium ions 
or other multivalent counterions by anisocooperatively forming junctions 
between contiguous blocks of al ,4-L-glucuronan residues present in the 
polysaccharide. Growth of avian and mammalian chondrocytes in iono- 
trophically gelled alginate beads demonstrates the potential of using this 
model for an alternative delivery system in angiogenesis models (Guo et 
al.. 1989), or it may provide an alternative method for the slow release 
of effectors of angiogenesis (Downs et al.. 1982). Matrigel can also be 
injected subcutaneously in mice, and used as a vehicle to assess angiogenic 
activity of different compounds (Passanti et al., 1992: Kibbey et al., 1992). 
Although the subcutaneous injection of Matrigel alone is insufficient to 
induce focal angiogenesis when fibroblast growth factor (FGF)-heparin 
is mixed with the Matrigel, in-growth of vessels is observed within days. 
The Matrigel plug can be removed, and processed for vessel quantitation 
(Passanti et al., 1992; Kibbey et al.. 1992). 

D. Mesenteric Window Assay 

The mesenteric window assay examines the effect of reagents on normally 
vascularized mammalian tissues. Angiogenesis in this model is mediated 
by autologous mast cells, and probably occurs frequently because mast 
cells are activated in tissue trauma, wound healing, inflammation, as well 
as in many clinical and experimental tumors (Enerback and Norrby, 1989). 
Although the mechanism of the mast cell-mediated angiogenic reaction is 
not completely understood it is known that preformed mast cell products 
such as heparin and histamine can be angiogenic (Norrby et al., 1986, 
1990; Garrison, 1990; Norrby and Sorbo, 1992; Sorbo and Norrby, 1992). 
Mast cell-mediated angiogenesis has also been reported using the CAM. 
assay (Clinton et aL, 1988; Duncan et al'., 1992). 

The mesenteric window assay is well suited to quantitative analysis. In 
addition to the number of vessels per unit length of tissue and the vascu- 
larized area, it permits quantitation of vascular density and total vascular 
quantity, as well as measurement of the branching pattern (Norrby et a/., 
1990; Jakobsson and Norrby, 1991). 



ANGIOGENESIS 

E. Spontaneous Angiogenesis 



119 



When endothelial cells are maintained as a confluent monolayer for pro- 
longed periods of time without replenishing the nutrients, capillary-like 
vessels spontaneously form. This 'spontaneous*' tube formation takes 
between ID and 14 days after confluence (Folkman et eil.. 1979). During 
spontaneous tube formation of human umbilical vein endothelial cells 
(HUVECs) the majority of the cells are involved in chaotic cell death, as 
nutrients become depleted. The capillary-like vessels generated from the 
small percentage of the population that differentiates are anchored loosely 
in the culture dish, with no formation of a monolayer (see Fig. I ). However, 
endothelial cells of bovine origin spontaneously form capillary-like tubes 
by a process of "sprouting" of a subpopulation of cells that form a reticular 
network of vessels sitting on top of a monolayer of cells (Maciag et aL. 
1982). The reason for this difference is not understood but may relate to 
the fact that bovine endothelial cells have a lower growth factor require- 
ment and may tolerate longer periods of time in growth factor-depleted 
culture conditions, suggesting that the cell death seen in the human cell 
cultures may be consequential and not important to angiogenesis in this 
model. An important feature in both cases is that only a small proportion 
of the initial cell population is involved in forming these tubeiike struc- 
tures. What distinguishes this small subpopulation. and at what point in 
the proceedings these cells commit to differentiation, remains unknown. 
In bovine aortic endothelial cell spontaneous tube formation, sprout forma- 
tion precedes the generation of a capillary-like network on top of the 
monolayer, and has been shown to involve the synthesis of type I collagen 
(Cotta-Pereira et aL, 1980). The possibility of modulating this early event 
has come to light from studies in which the addition of 10-100 /xg/ml of 
type I collagen plus phorbol 12-myristate 13-acetate (PMA) to monolayers 
of human neonatal foreskin capillary endothelial cells rapidly (3 hr after 
addition) induced the initial sprouting patterns previously observed only in 
bovine spontaneous tube formation (Jackson and Jenkins. 1991). Further 
reports on this intriguing model have not been forthcoming. 

We have observed that the rate of spontaneous tube formation is in- 
creased when confluent cultures of endothelial cells are stressed by altered 
pH or temperature (G. W. Cockerill, unpublished observation). This obser- 
vation is consistent with the stress-related changes in heat shock protein 
90 (hsp90). which have been shown to be mediated through alterations in 
extracellular matrix (Ketis et ai., 1993). Little is known about the effects 
of modulation of hsp90 on angiogenesis. However, because hsp90 has 
been shown to mediate the nuclear translocation of the estrogen receptor 
it is interesting to propose this as a productive avenue of research. 



FIG. 1 Spontaneous angiogenesis of HUVECs. Endothelial cell monolayers were allowed 
to exhaust the culture medium over a period of 10-14 days. Although most of the cells died 
a small subpopufation differentiated to form tubelike structures. These structures have 
lumena. as determined by serial sectioning, and were attached to the edge of the culture 
dish, and also at a single point in the center of the dish (middle). 
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Several three-dimensional gel assays have been developed, including colla- 
gen type I (Moniesano and Orci. 1 985. I9*S7; Montesano et aL ^1986). 
tibrin (Montesano et aL. 1 987). hbronectin (Ingber and Folkman. 1 989a). 
and Matrigel (Kubota et aL. 1 988). Here we discuss the collagen and 
Matrigel mode!. 

I. Type I Collagen Gels 

The addition of PMA to endothelial cells seeded onto type I collagen 
induces invasive, capillary-like tubes (Montesano and Orci. 1985: Mon- 
tesano et aL, 1 8871. as illustrated in Fig. 2. suggesting involvement of 
protein kinase C (PKC) in this process. Invasion is mediated by inducing 
expression and synthesis of type I collagenase. plasminogen activator 
(PA) activity, and stromelysin in endothelial cells in culture (Gross et 
aL. 1982: Moscatelli and Rifkin. 1988: Herron et aL. 1986). Kalebic and 




FIG. 2 Collagen gel model of angiogenesis. Capillary-like vessels were generated within 
24 hr of seeding human umbilical vein endothelial cells onto thick type 1 collagen gels in 
the presence of PMA. 
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rheli^ UC n ' haV u f ° Sh ° Wn type 1 V ^> lj Wse * P^sent in endo- 
thelial cells. Although these metalloprotemases arc likelv-to be produced 
m their latent/inactive forms, it is possible that they are activated locallv 
by plasmin produced by the action of coordinated expressed urokinase- 
type plasminogen activator (uPA). 

Reduction of proteolytic activity may be achieved bv several protease 
inhibitors. Plasminogen activator inhibitor I ( PAI- 1 ) is the major secreted 
inhibitor ot bovine aortic endothelial cells (van Mourik et aL. 1984) and 
has been shown to be expressed in virtuailv ail endothelial cell tvpes 
(Moscateili and Riftin. 1988). Tissue inhibitor of metalloproteinases 
( I IMP) has been shown to be synthesized by rabbit brain capillar/ endo- 
thelial cells, and is able to inhibit collagenase. stromelysin. and other 
proteases (Herron et aL, 1986). Another level of controL of ansiogenesis 
may be afforded by the differential localization of expression ofproteases 
and inhibitors, whereas the proteases are often ceil surface associated 
the PAI- 1 is ECM associated, and TIMP mav be secreted into the intersti- 
tial fluids. - . 

Comparison between endothelial cell invasion and tumor cell invasion 
suggests that the proteolytic activity of endothelial cells mav be cell associ- 
ated (Moscateili and Rifkin. 1988). This hypothesis is supported by the fact 
that uPA (Moscateili. 1986). plasminogen, and plasmin bind to cultured 
endothelial cells (Bauer et aL. 1992). Other components of the proteolytic 
cascade have also been localized to endothelial cell ECM. For example. 
PAI- 1 is associated with the substratum and stabilized in its active form 
such that it can complex with tissue-type plasminogen activator (tPA) 
and inhibit its activity (Levin and Santell. 1987). Plasminogen activator 
inhibitor 1 deposited near endothelial cells may protect the capillary base- 
ment membrane and other matrix proteins from proteolysis by piasmin- 
generating enzymes. In addition, enzyme activation may be favored 
by the localized deposition of proenzymes and activators, which could 
result in an enhanced rate of enzyme activity and invasion. Protection 
from mactivation from secreted or ECM-associated inhibitors, and local- 
ization of enzyme activity to discrete regions allow proteolysis and thus 
angiogenesis to proceed in a specific direction (Moscateili and Rifkin, 
1988). 

Tube formation in this model occurs within 24 hr and requires 
both transcription and translation (Montesano and Orci, 1985). Cells are 
seeded onto the top of a thick gel of collagen in the presence of 
PMA. The subsequent cell invasion of the matrix mimics the early events 
seen during angiogenesis in vivo. Capillary-like structures form through- 
out the gel, making quantitation difficult. Not all ceils are stimulated 
to differentiate, and some remain as a monolayer on the surface of 
the gel. '• 
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The basement membrane is an important biological mediator of angiogen- 
esis. and has been exploited in both in vivo and /// vitro assays to assess 
the angiogenic activity of various factors (Madri et aL. 1 983: Ingber and 
Folkman. 1989a. b: Form et al., 1986). Matrigel is made by extracting the 
basement membrane matrix of Englebreth-Holm-Swarm (EHS) tumors 
taken from lathrytic mice (Kleinman et aL. 1982). At 4°C the extract is a 
viscous liquid that gels on warming to 37°C. The major components of 
this material are laminin. collagen IV. entactin/nidogen. heparan sulfate 
proteoglycan (Kleinman et al., 1982), and growth factors (Taub et al., 
1990). The direct application of the material to angiogenesis was by Kubota 
and colleagues (1988). Figure 3 shows a typical response of human umbili- 
cal endothelial cells to this matrix. Within 1 hr the cells have rapidly 
migrated into a reticular network of aligned cells (Fig. 3a). after 2 hr the 
cells have started to flatten (Fig. 3b), and by 12-18 hr they have formed 
a network of capillary-like structures on the surface of the gel (Fig. 3c). 
These structures have a well-defined lumen that can be visualized by serial 
cross-section at the electron microscope level. Tube formation on Matrigel 
is a density-dependent phenomenon (Fig. 4). At too high a cell density a 
monolayer is formed, and at too. low a cell density the ceils do not contact 
each other, and in both instances tube formation is inhibited (Cockerill 
et al., manuscript in preparation). 

Alignment of the cells appears to be necessary for tube formation on 
Matrigel. However, many cell types are able to transiently form an aligned 
network on top of the Matrigel gels (Emonard et al. , 1 987), but do not form 
structures with a lumen, indicating that alignment is necessary but not suffi- 
cient for tube formation. Figure 5 shows the time course of tube formation 
for HUVECs (Fig. 5, left) and a stromal fibroblast ceil line (Fig. 5, right). 
Although the cells appear to align ( Fig. 5 A and B ), only the HUVECs remain 
in the reticular pattern 2 hr after seeding Fig. 5C). whereas the stromal cells 
are clumping together in nodules (Fig. 5D). Whereas the HUVECs still dis- 
play a network of capillary-like vessels after 24 hr (Fig. 5E), the stromal 
cells are in tight nodules (Fig. 5F). The inset shows the stromal cells 3 days 
after seeding, at which time the cells begin to migrate out of the nodules as 
solid cords of cells (Cockerill et aL, manuscript in preparation). Matrigel 
seems to support differentiation of many cell types. Mammary epithelial 
cells form nodes that produce casein (Seeiey and Aggeier, 1991), and baby 
mouse kidney cells form nodes that eventually (after 6 days) form structures 
with lumena (Klein et aL , 1 988). Sertoli ceils form short, cordlike structures 
(Hadley etaL, 1990). 

Alignment pf endothelial cells on Matrigel does not require protein 
synthesis or gene expression (Bauer et aL, 1992). However, tube formation 
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FIG. 3 Matrigel model of angiogenesis. HUVECs align within 60 min of being seeded onto 
thick Matrigel gels (a), and by 2-3 hr have flattened into a reticular network on the sur- 
face of the gel (b), and within 12-20 hr the cells have formed a mesh of capillary-like ves- 
sels (c). 
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fhJ i ? f nC ex P ression du ™§ the period of cell alignment, as 
he addition of transcnptional inhibitors during alignment abolishes tube 
formation whereas the addition of inhibitors after this event does not 
affect tube formation (Fig. 6). Gene induction by Matrigel has also been 
demonstrated ,n HUVECs (Sarma „ al., 1992). where contact with the 
matrix, induces a pnmary response sene. 

the AS Mn n rnW. tyPe H I V"?*™ ^ P * C mobili ^ion is clearly required in ■ 
qq^ , TJ m u angiogenesis (Bauer et al., 1992: Kinsella et al., 

992). Unlike the collagen gel model, the activation of PKC observed on 
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two mn IS ^ Pr T-f 0lytlC CnZymeS is si 8 nifica ntly different between the 
two models. The Matngel model of angiogenesis more accurately repre- 
sents condit.ons that are likely to occur as a late event in anagenesis in 
vivo. Differentiation of endothelial cells on Matrigel may be blocked by 

P r e T S ^ X Th mdiC !S ? at thC prOC£SS requires G P roteins < Bauer 
a her"J« These cAMP-dependent G proteins have been shown in 

(Devrote Z g ? ? im ^ n ^ 1 jf «H-cell interactions and development 
clone I h d ff , ema ' nS t0 bC SCen if the G P^tein-coupled receptor 

X ; dlf{e ™ 11 * screening of endothelial cell libraries with and with- 
out PMA actuation (Hla and Maciag. 1990) has a role in angiogenesis 
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FIG. 5 Tube formation on Matrigel is cell specific. Left: The time course of angiogenesis 
seen in norma] HUVECs. Right: The time course of events when stromal fibroblasts are 
seeded onto Matrigel under the same conditions. After I hr both cell types appear to have 
aligned (A and B). At 2 hr the HUVECs are flattening (C), whereas the stromal fibroblasts 
are clumping together (D). At 20 hr postseeding, the HUVECs have formed a reticulum of 
vessel-like structures (E) whereas the fibroblasts have aggregated into dense bails (F). 
Interestingly, at 3 days the stromal fibroblasts were beginning to migrate out of the cell 
clusters (inset). Serial sectioning of these structures showed only cords of cells, with no 
apparent lumen. 

Similar to other models of angiogenesis, the lMatrigei-induced angiogenesis 
may be inhibited using analogs of proline to inhibit collagen synthesis 
(Grant et al. t 1991). 

Unlike the collagen gel model of angiogenesis the majority of cells 
seeded onto Matrigel gels will differentiate and enter into angiogenesis. 
The basement membrane extract of the EHS sarcoma was the starting 
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FIG. 6 Angiogenesis on Matrigel requires gene expression. HUVECs were plated onto 
Matrigel and allowed to form capillary networks. By using the reversible transcriptional 
inhibitor (DRB) we were able to show that inhibition of transcription during the first hour, 
although not affecting alignment of the cells, completely abolished the development of 
capillary-like structures. The addition of the inhibitor after alignment and flattening had no 
effect on the ability of the cells to form capillary-like structures. 



material for the purification of the calcium-binding basement membrane 
protein 40 ( BM-40)/SPARC (Dziadek et aL, 1986). Although the steady 
state levels of SPARC mRNA have been shown to increase during sponta- 
neous tube formation, levels do not change during angiogenesis on Matri- 
gel. Because SPARC has been shown to be able to arrest cells in cycle 
(Funk and Sage. 1991) it is interesting to. suggest that this may be a 
mechanism for establishing synchrony in this model, explaining why al- 
most all the ceils on Matrigel differentiate. 
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Matrige! is subject to batch-to-batch variation. It is likely that small 
variations in components greatly affect cell adhesion, motility, and prolif- 
eration, and all contrive to alter the differentiation of endothelial cells on 
Mutrigel. We have observed differences in adhesion and also in levels 
and types of proteoglycan between batches. An altered combination of 
matrix components may lead to differences in the malleability of the final 
gel. Studies indicate that this is a factor that could potentially alter cell 
response (Vernon et aL. 1992). One of the advantages of .its use is that 
the cell response is more homogeneous and. because the capillary-like 
structures generated. form on the surface of the gel. the model is relatively 
easy to quantitate (Grant et aL. 1989). 

To date, the factors tested in in vitro and in vivo Matrige! assays show 
activities similar to those observed in the CAM model (Grant et al/. 1989: 
Sakamoto et al.. 199 1 : Passanti et aL, 1992: Kibbey et al.. 1992). 

3. Future Directions 

Laminin antibodies that block binding of endothelial cells to laminin or 
Matrige! demonstrated a requirement for cell adhesion prior to growth 
and differentiation (Grant et aL, 1989). From these studies it was also 
suggested that the rapidity of angiogenesis on Matrigel versus collagen 
gels was a result of the need to synthesize a basement membrane~on 
collagen gel that was already present on Matrigel (Grant et al.. 1989). 
Application of YIGSR-NH : laminin peptide to a monolayer of endothelial 
cells resulted in 30% of the population developing a ringlike structure. - 
suggested by the authors as paralleling lumen formation (Grant et aL, 
1989). Could this be a significant way of distinguishing a tube-competent 
endothelial subpopulation? If this suggestion is supported then this phe- 
nomenon would be appropriate to apply to subtractive hybridization, or 
the more recently developed differential display technology to clone those 
genes that mediate these events. 

A number of workers have previously suggested a role for integrins in 
the in vitro angiogenic behavior of endothelial cells on extracellular matrix 
(Grant et aL, 1989; Basson et aL. 1990). The addition of monoclonal 
antibodies against a6 and £1 to endothelial cells seeded onto Matrigel 
completely blocked angiogenesis on this matrix (Bauer et aL, 1992). Be- 
cause laminin is the major component of this gel and the a6/31 integrin is 
shown to be the major receptor for laminin (Sonnenberg, 1988), it is likely 
that antibodies prohibit cell attachment to such a degree as to prevent the 
formation of capillary-like structures. We have shown that this model of 
angiogenesis is density dependent (Fig. 3), therefore it is not clear if 
inhibition of cell adhesion to Matrigel per se blocks angiogenesis, or 
whether by reducing the cell number finally attached to the gel (Bauer et 
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<//.. 1992). jhey have inhibited angiogenesis by reducing the cell density 
In Mm.br stud.es polyclonal antibodies to the entire vitronectin J vS) 
and hbronectm «,/3I) receptors totally inhibited cell adhesion to Matriue 
and hence capillary formation in Matrigel (Davis er at 1993) The useof 
«>.ntegnn monoclonal antibodies in the same studies either had no effect 
or enhanced tube formation (Bauer er at.. 1992: Davis er at 1993) \ 
7?,oot ™ eCha " ism of tnis effect com « from a studv bv Gamble 
ZT in . r i \? T h ' Ch selective 'y restricting the adhesive'repertoire of 
endothelial cells for the specific matrix to which thev are exposed the 
authors were able to show an enhancement of angioeenesis. On collar 
gels in the presence of PMA. a2(il antibodies th a r block the collacen 
receptor enhanced tube formation, whereas no effect was seen on fibrin 
gels (Gamble er at.. 1993). Conversely, antibodies directed aaainst the 
major hbnn receptor av/33 enhanced tube formation on fibrin" aels but 
had no effect on collagen. Thus, restricting the usage of fibronectm receo- 
tors (oo/3I) on Matrigel by the use of anti-a5 antibodies mav explain the en- 
hancement observed in the Bauer er at. studies (1992). The potential use 
ot ant.-mtegnn antibodies as therapeutic agents has recently been demon- 
strated in the CAM assay using anti-a v /3 3 antibodies (Brooks er at 1994) 

Matngel induces a motile phenotype in endothelial cells seeded onto 
the gel. Within 3 min of contacting the gel the endothelial cell is covered 
with microsp.kes that may be visualized by fluorescently labeled phalloidin 
stains (Fig. 7). Whereas on plastic the endothelial cvtoskeleton rapidly 
polymeries and forms a complex network of filaments observable after 
• min. after several hours on Matrigel the only cvtoskeletal architec- 

- ture one can detect with phalloidin is at cell junctions and in the micro- 
spikes on the cell surface. Not until late in tube formation on Matrigel 
can actin filaments, running parallel to the tube, be observed ( Fig 8) We 
postulate that the establishment of a motile phenotvpe is likelv to be a 
prerequisite of endothelial cell differentiation. This proposal is supported 
by studies that show that the angiogenin-binding protein is a 42-kDa cell 
surface actin-retated molecule (Hu et at.. 1991 ; Moroianu er at 1993) In 
addition, several other more potent angiogenic factors have actm-binding' 
capacity and the angiogenin has been shown to be able to induce actin 
polymerization at suboptimal concentrations for spontaneous polymeriza- 
KcrS 1 el f - '" 3) - The faCt that ^genic factors such as basic FGF 
(bbGF) and tumor necrosis factor a (TNF-a) can stimulate angioeenesis 
re "P"-or-med,ated mechanisms, but can also bind actin. suggests that 
actin binding may provide a more general mechanism for mediating angio- . 
oenes.s. Alternatively, it may provide a mechanism for mediating an early 
2 ',! th f P rocess - subsequent to which receptor-mediated mechanisms ' 
may play the major role. These observations may distinguish an early 
event in angiogenesis. which demands further research 
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Angiogenesis /'// vivo rarely occurs within an environment free of oiher 
ceil types. The influence of other cell microenvironments on microvessel 
formation and the expression of tissue-specific endothelial properties are 
being increasing realized (Auerbach et al., 1987: Butcher et al.. 1980). In 
a more recent model, angiogenesis is induced by culturing brain capillary 
endothelial cells on collagen gels in a chamber above confluent tumor 
cells, such that both cell types are bathed in the same medium (Okamura 
et al., 1992: Abe et al., 1993). Other groups have been successful in the 
use of a variety of cell types such as esophageal cancer cells (Okamura 
et al.. 1992) and keratinocytes (Ono et al., 1992) to induce angiogenesis. 

Demonstration of the abilities of astroglial ceils to induce angiogenesis 
in brain capillary endothelial cells (Lattera et al., 1990) has provided a 
model for the study of neural microvessel development, and blood-brain 
barrier formation. In this model. 24 hr after the seeding of C6 astroglial 
cells in a culture, endothelial cells are seeded at twice the density. Angio- 
genesis in this model requires both gene expression and protein synthesis 
(Lattera and Goldstein. 1991). and was induced within 24 hr of coculture. 
Furthermore, the induction of angiogenesis required direct cell-cell con- 
tact, as no enhancement was observed when the two cultures were bathed 
in the same growth medium in a Boyden chamber, where they were not 
in direct contact. Quantitation of this model is facilitated by being able 
to differentially stain the cell types involved in the culture model. In 
addition, computer-assisted analysis of fluorescently staineel photographs 
enables the assay urbe relatively accurate. 

. H. Aortic Ring Model 

The radial growth of microvessels is easily monitored in rings of aortas 
imbedded in three-dimensional (thick) gels, using standard phase micro- 
scopy. The end point can be histologically processed and sections cut for 
morphometric analysis (Nicosia and Ottinetti. 1990). Aortic rings of rat 
aorta embedded into collagen or fibrin gels in the absence of exogenous 



FIG. 7 Actin staining of early events in angiogenesis on Matrigel. At optimal cell density 
on Matrigel. HUVECs aligned within I hr (see Fig. 3a). The cells were polarized end-io- 
end. Actin staining with Bodipy-phaJIoidin showed polymerized actin cytoskeleton at ceil 
junctions and in microspikes (A). At high cell density, the cells attached to the matrigel as 
a monolayer and did not form extensive capillary-like structures. Actin staining of densely 
seeded cells after I hr (B) showed no end-to-end polarity and polymerized actin cytoskeleton 
surrounded most of the cells. The inset in (B) shows the staining of microspikes on the 
cells, characteristic of the motile phenotype. 



1 



n 



i:i 



1 




ANGIOGENESIS ^ 

growth factors can also generate a complex array of microvessels. This 
demonstrates the potential usefulness of this more denned model of angio- 
genesis (Nicosia and Ottinetti. 1990). 



I. Human Amnion 

The basement membrane of the human amnion may be-used as a growth 
substrate for microvascular endothelium (Madri et aL. 1983: Furie%r al\. 
1984). Endothelial ceils differentiate on this substrate but do not invade 
(Madri et aL. 1983: Furie et aL. 1984), as observed in the Matrigel model. 

J. Summary 

Whereas the collagen gel assay and the aortic ring model are best suited 
to investigating the effects of reagents on invasion of interstitial collagens 
the human amnion and Matrigel model are best suited to examining the 
etfects of mediators on later events in angiogenesis. All of these models 
address subtly different aspects of angiogenesis. To examine thorouehlv 
the likely effects of a reagent, multiple models should be used. The in 
vivo model most appropriate for a particular reagent needs to be employed. 



III. Enhancers and Inhibitors 

A. Enhancers and Angiogenesis 

Classically, angiogenic factors have been defined as those that act directly 
on the endothelial cells to stimulate motility and mitosis, and as those 
that act indirectly to induce host cells to release growth factors that then 
target endothelial cells (Folkman and Klagsbrunr 1987). Development of 
reagents that enhance angiogenesis would have direct relevance in the 
management of severe wounds, and would facilitate many situations. Al- 
though some factors have been purified from highly vascular tumors, more 



FIG. 8 Fluorescent staining of capillary-like structures on Matrigel. The parallel arrays of 
actin filaments can be observed in the capillary-like structures formed bv HUVECs on 
Matngei. fai A capillary stained with Bodipy-phalloidin. (bi The nude, of a tube stained 
with pro pi dium iodide, demonstrating the multicellular nature of these structures 
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recently a factor has been isolated from the blood of patients with svstemie 
vasculitis (Cid cr aL. 1993). 

L. Transforming Growth Factor (3 

Transforming growth factor j3 is angiogenic /// vivo (Roberts et aL, 1986). 
However, whereas TGF-{3 induced tube formation when microvascular 
endothelial cells were placed in thick collagen gels (Madri et aL. 1988). 
it inhibited proliferation ( Frater-Schroder . et al,, 1986) and migration 
(Heinmark et al.. 1986) in other cell culture systems. Furthermore, in 
cultured bovine capillary endothelial cells TGF-/3 decreased the amount of 
cell-associated and secreted PAI-1. decreasing cell invasion into collagen 
matrices and through amniotic membranes (Muller et aL. 1987: Mignatti 
et aL, 1989). Because TGF-/3 is a potent chemoattractant for macrophages 
i Wahl et aL. 1987). it is possible that the TGF-/3-intiuced neovasculariza- 
tion is a consequence of angiogenic components produced from attracted 
macrophages. . 

2. Tumor Necrosis Factor at 

Antibodies to TN F-a have been shown to neutralize the angiogenic activity 
of thiogiycolate-treated macrophages in the chick chorioallantoic mem- 
brane assay, and also in the type I collagen gel assay (Liebovich et aL, 
1987). and in the rabbit corneal model ( Frater-Schroder et aL, 1987). With 
both TNF-a and TGF-/3 angiogenesis is associated with an inflammatory 
process, uniike bFGF-induced angiogenesis (Esch et aL, 1985). 

3. Angiogenin 

Angiogenin is a I4-kDa protein initially identified in HT 29 adenocarcinoma 
cells { Fett et aL. 1985). It was later found to be in adult liver, and at lower 
concentrations in many normal tissues as well as in serum (Weiner et 
aL, 1987; Shapiro et aL, 1987). Angiogenin shows 35% homology with 
pancreatic RNase (Shapiro et aL, 1987). However, its RNase activity is 
limited compared to pancreatic RNase, as it can break down tRNA, but 
only partially cleaves 18S and 28S ribosomal RNAs; Site-directed muta- 
genesis to determine the significant residues for RNase activity shows an 
increase in RNase activity with a concomitant loss in angiogenic activity 
(Shapiro et aL, 1989; Harper et ( aL, 1989). Further studies suggest that 
the RNase activity site in angiogenin is essential, but not sufficient, for 
its angiogenic activity, and that a second site on the molecule is also 
required (Hailahan et aL, 1991)/ Most recently, it was shown that the 
specific endocytosis of angiogenin is followed by nuclear translocation 
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(Moroianuand Riordan. 1994). Nuclear translocation has also been demon- 
strated to occur with the FGFs and endothelial cell growth factor (EGF) 
(Bouche et aL. 1987: Baidine et aL. 1990: Sano et aL. 1990). suggesting 
that this may be a common pathway in the mechanism of angiogenesis" 
Angiogenin can bind specifically to the endothelial cell and this binding 
is specifically inhibited by RNase inhibitor (Badet et aL. 1989). In addition, 
placental RNasin binds to angiogenin hundreds of times more efficiently 
than other RNases (Fox and Riordan. 1990). An angiogenin-binding pro- 
tein with properties consistent with being an angiogenin receptor compo- 
nent has been identified in a transformed endothelial cell line. GM7373 
(Hu et aL. 1993). It is a 42-kDa cell surface protein that is released by 
exposure of cells to heparin, heparin sulfate, or angiogenin. This protein 
has been shown to be a cell surface actin ( Hu et aL. 1993). Angiogenin was 
able to induce the polymerization of actin at suboptimal concentrations 
required for spontaneous polymerization. This ability may be central to 
its mechanism of action, because such events could result in shape change 
and detachment, and precipitate subsequent events such as migration and 
proliferation, which lead to capillary formation. In support of this idea, 
reorganization of extracellular actin has been observed during the growth 
and formation of the corneal endothelium ( Klagsbrun and Amore. 199 1 ). 

4. Fibroblast Growth Factor 

The heparin-binding fibroblast growth factor (FGF) family, acidic FGF 
(aFGF/FGF-I) and basic FGF (bFGF/FGF2). are among the growth fac- 
tors that act directly on vascular cells to induce" endothelial cell growth 
and angiogenesis (Burgess and Maciag, 1989: Ausprunk and Folkman, 
1977: Abraham et aL, 1986: Gospodarowicz etaL. 1984; Thomas et aL, 
1985: Yanagisawa-Miwa et aL, 1992). Whereas aFGF is found primarily 
in normal tissues (Risau et aL, 1988) and in vascular SMC (Winkles et 
aL. 1988). bFGF has a wide distribution (Lobb et aL, 1986: Schweigerer 
et aL, 1987). Because FGFs lack a signal sequence for secretion, their 
normal mode of release is not fully understood (Burgess and Maciag, 
1989). Basic FGF is. however, associated with the ECM components, 
and its most important stored form is thought to be complexed to heparin 
sulfate proteoglycan (Folkman et aL. 1988). It has been hypothesized that 
poor perfusion in tumors may result in ischemia, acidosis, and tissue 
damage, which in turn may release FGF from the cells and ECM stores, 
and subsequently stimulate angiogenesis (D' Amore and Thompson, 1987). 

Fibroblast growth factor may be detected after endothelial injury (Gadju- 
sek and Carbon, 1989; McNeil etaL, 1989), and are present in the subendo- 
thelial matrix (Vlodavsky et aL. 1987). However, several other genes are 
observed to induce intimal hyperplasia, such as platelet-derived growth 
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factor (PDGF) or TG F-(3 (Nabel ct aL, 1993b). Studies using direct -ene 
transfer of a secreted form of aFGF (Nabel et aL. 1993af showed" the 
induction of intimal thickenings 21 days after gene transfer. Neovasculari- 
zation of this intimal thickening was observed, suggesting that the FGFs 
could potentially cause neovascularization in similar preatherosclerotic 
lesions. Acidic FGF stimulates hyperplasia and neovascularization of the 
hyperplastic intima, suggesting that smooth muscle hyperplasia aione is 
insufficient for the formation of new capillaries. 

The locomotion of cells of endothelial origin is suppressed by TGF-/3 
but is enhanced by bFGF (Sato and Rifkin" 1988: Madri et aL, 1988). 
The locomotion of many normal and transformed ceils of epithelial and 
mesenchymal origin can also be induced by members of the FGF fam- 
ily, insulin-like growth factor (IGF), PDGF. TGF-a. TNF-a. colony- 
stimulating factors (CSFs). interieukin 8 (IL-8). and interferons, in addi- 
tion to complement and some matrix proteins (reviewed in Stoker and 
Gherardi. 1991). 

Mignatti and colleagues (1989) have shown that bovine capillary endo- 
thelial cell migration through human amnion basement membrane was 
inhibited with antibodies to bFGF. This FGF-induced migration" could 
also be inhibited by inhibitors of both plasmin and metalloproteinases as 
well as antibodies to tPA and type I and IV collagenase. demonstrating 
that both tPA. piasmin. and specific metalloproteinases are involved in 
the bFGF-induced invasion associated with angiogenesis. 

5. Vascular Endothelial Growth Factor/Vascular 
Permeability Factor 

The vascular endothelial growth factor (VEGF) family of proteins, also 
referred to as vascular permeability factor ( VPF), exists as dimeric glyco- 
proteins of M T 34K-46K that affect capillary permeability, and stimulate 
. endothelial ceil growth in vitro, and angiogenesis in vivo (Keck et aL, 
1989; Connolly et aL, 1989; Fenrara et aL, 1992). Vascular endothelial 
growth factor has been characterized in several tumors of different species 
. (Ferrara et aL, 1992), and is structurally related to PDGF with 18% identity 
between VEGF and the PDGF B chain. Vascular endothelial growth fac- 
tor, like PDGF, can bind heparin and can be eluted off at low salt (Ferrara' 
etaL, 1992; Senger era/., 1990). Monoclonal antibodies to VEGF inhibited 
the growth of tumors in nude mice (Kim et aL, 1993). Four splice variants 
of VEGF may exist in four different homodimeric molecular species 
(Leung et aL, 1989; Houck et aL, 1991; Tisher et aL. 1991). A variety of 
transformed cell lines express the VEGF mRNA and secrete VEGF 
(Senger et aL. 1986; Rosenthal et aL, 1990). In situ hybridization studies 
demonstrate high levels of VEGF mRNA in highly vascularized glioblas- 
toma multiforme and capillary hemangioblastoma (Berse et aL, 1992; 
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Shweikic-/^/.. 1992: Plate etui.. 1992: Berkman et aL. 1993). Monoclonal 
antibodies capable of blocking VEGF-induced angiogenesis in vivo and 
in vitro were used to assess the effect of VEGF on tumor growth (Kim 
et «/:. 1992). 

6. Interleukin 8 

Interleukin 8 is a cytokine involved in leukocyte-vascular endothelial cell 
interactions such as the invasion of neutrophils through a vessel wall 
model via/32-integrin attachment (Hubert ai.. 1991). which more recently 
has been shown to have angiogenic properties (Koch et aL. 1992). It has 
also been implicated in angiogenic disease states such as psoriasis and 
rheumatoid arthritis (Brennan et aL. 1990: Seitz et aL. 1991: DeMarco et 
aL. 1991: and Schroeder and Christophers. 1989). Indeed, the rheumatoid 
. synovium is a major source of IL-8., Similar to other angiogenic factors. 
IL-8 was shown to bind heparin and to have potent angiogenic activity 
when implanted into the rat cornea (Koch et aL, 1992). It also induced 
proliferation and chemotaxis of human endothelial cells (Koch et aL. 
1992). However, whereas 2-40 ng of IL-8 induced corneal vascularization. 
400 ng did not induce significant angiogenesis in this model, suggesting 
that in areas where high concentrations of IL-8 are produced (in areas of 
acute severe inflammation) neovascularization may not occur (Robbins 
et aL. 1984). Differing dose-dependent actions of IL-8 have also been 
demonstrated for neutrophil chemotaxis. Hence, high levels of IL-8 induce 
neutrophil chemotaxis (Yoshimura et aL, 1987: Larsen et aL. 1989) but 
low levels result in selective lymphocyte chemotaxis (Yoshimura et aL, 
1987). In support of the idea that IL-8 may have a direct role as an inducer 
of neovascularization, studies have shown that recombinant IL-8 (rIL-8) 
can induce endothelial chemotaxis and proliferation (Koch et aL, 1992). 
These findings raise the possibility that TNF-a- or IL- 1 B-induced angio- 
genesis in the cornea may be mediated by induction of endogenous IL-8. 
Also, other factors may be produced in the cornea that mediate angiogen- 
esis. For example. bFGF may be released from corneal extracellular ma- 
trix by the action of heparitinase (Foikman et aL, 1988), which may be 
important in mediating corneal repair. 

7. Phosphatase Inhibitors 

Vanadate potentiates the effect of growth factor-induced angiogenesis 
(Spisni et aL, 1992). Okadaic acid also induces angiogenesis in the chick 
chorioallantoic membrane model, with a minimum effective dose of 
5 fmol/egg, and half-maximal dose being 90 fmol/egg (Oikawa et aL , 1992). 
Okadaic acid exerts an angiogenic activity an order of magnitude stronger 
than PMA but the time-course of induction is slower than for PMA, 
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suggesting a differing mechanism of action (Suizanumu et al I98S) Oka- 
daic acid inhibits type I and 2A protein phosphatases, resulting in an 
increase in phosphoprotems within the cell (Havstead et at I989 : Sxssa 
etaL. 1989; Yatsumimi et aL. 199!). Unlike PM A. okadaic acid stimulates 
the production or prostaglandin E : in rat peritoneal macrophages (Ohuchi 
et aL, 1989) and potentiates the ability of TGF-01 to upregulate uPA 
expression (Falcone et aL. 1993). The delaved upresulation of z-fos 
transin. and urokinase by okadaic acid has also been demonstrated in 
mouse keratinocyes(HoIIadayer«/.. 1992). It is likelv that some proteases 
such as urokinase and collagenase are involved in ancioeenic induction 
by okadaic acid because the expression of these two protease activities 
was induced by either okadaic acid or TPA (Holladav et aL, 199^- Kim 
et aL, 1990; Levy et aL. 1991; Whitham et aL. 1986)." 

8. Haptogiobin 

Sera from patients with systemic vasculitis had the capacity to stimulate 
angiogenesis in vitro (Cid et aL, 1993). using the Matrigei model of aneio- 
genesis. Haptoglobin was identified as one of the components of these 
sera able to mediate the angiogenic effect. "Furthermore, antibodies to 
this protein partially inhibited the angiogenic activity of these sera. The 
angiogenic activity of haptogiobin was confirmed in two in vivo models; 
implanted disk and subcutaneous injection with Matrigei. This suggests 
that the increased levels of haptogiobin in chronic inflammatory conditions 
may play a role in tissue repair, and it may offset the effects of ischemia 
in systemic vasculitis by promoting the development of collateral vessels. 
Histopathological studies of affected tissues from systemic vasculitis pa- 
tients often demonstrate new reparative vessels (Olsson et aL, 1990). It 
is not yet clear whether the enhanced angiogenic effect of haptoglobin 
from vasculitis sera is due to quantitative differences or to the presence 
of different haptoglobin with higher angiogenic activity. 

9. Hyaluronic Acid Fragments 

Fragments of hyaluronic acid between "4 and 25 disaccharides in length 
have been shown to be angiogenic in the corneal model (West et aL, 1985). 
Similarly sized hyaluronic acid fragments are also known to influence the 
binding to, and effect the interactions between, fibronectin and collagen 
(Yamada, 1981), and have been shown to cause aggregation of proteogly- 
cans (Hascall and Heinegard, 1974) and self-association of the molecule 
to a considerable degree (Morris et aL, 1980). These events were similarly 
shown to.be inhibited by the same sized hyaluronic acid fragments that 
inhibit angiogenesis (Eriksson et aL, 1983; Morris et aL. 1980). These 
findings support the idea that angiogenesis may be regulated at the level 



ANGIOGENESIS 



139 



of extracellular matrix, and that factors that influence its composition and 
integrity may influence the differentiation process at work in angiouenesis. 

10. Synergism between Gangiiosides and Fibroblast 
Growth Factor 

At suboptimal doses of angiogenic factors, the addition of gangiiosides 
promoted angiogenesis (Ziches et aL. 1989). Molecules with a high sialic 
acid content, such as GTlb (bisialogangiioside). are more efficient at influ- 
encing the biological response of capillary endothelial cells than are mole- 
cules with lower sialic acids, such as GMl (monosialoganglioside) (Ales- 
sandri et aL. 1986: Ziches et aL. 1989). Further studies show that 
gangiiosides can synergize with bFGF and promote endothelial growth, 
motility, and survival (De Cristan et aL. 1990). 

B. Inhibitors of Angiogenesis 

As our knowledge of angiogenesis increases, so do the approaches 
used to inhibit this process. The existing inhibitors of angiogenesis 
target a variety of functions such as cell proliferation, migration, matrix- 
metabolizing mechanisms, matrix production, and cell-cell recognition. 

1. Fumageilin 

The observation that a fungal contaminant in an endothelial cell culture 
produced an agent that perturbed the growth of the cells around the 
contaminant led Folkman et aL in conjunction with the Tekada Chemical 
Company to the isolation of fumageilin. Fumageilin inhibited angiogene- 
sis in the CAM assay, but the levels required for prevention of solid, 
tumor growth were cytotoxic. Synthesis of a more potent analog, o- 
(chloroacetyicarbomoyl) : fumagellol (AGM-I470), provided a safe and ef- 
fective alternative with few side effects in vivo. However, although AGM- 
1470 inhibited endothelial proliferation in vitro it did not inhibit tumor ceil 
growth. More recently another potent analog, TNP-470. did have the 
capacity to inhibit tumor growth in vivo (Ingber et aL. 1990; Kusaka et 
aL. 1994). The actions of TNP-470 appeared to be mediated through its 
ability to inhibit endothelial cell growth (Kusaka et aL. 1994): Current 
studies are directed toward generating a nontoxic analog effective in tumor 
regression. 

2. Inhibitors of Collagen Synthesis 

Several reagents that modify the synthesis of collagen have been used 
to inhibit angiogenesis. The proline analog L-azetidine-2-carboxylic acid 
(LACA) prevents the triple-helical formation of collagen, and has been 
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shown to induce regression of -rowing capillaries in the CAM model 
( Ingber and Folkman. 1988) and inhibit branching or tortuositv in the rat 
mesenteric window mode! (Norrby. 1993). Another proline anaiou, cu- 
hydroxyproline. has been shown to block the synthesis and deposition of 
collagen in basement membrane and reduce the urowth of rat mammary 
tumors (Lewko el aL. 1981: Wicha et aL. 1981). However, the abilitv to 
inhibit angiogenesis does not always correlate with the ability to act as 
an antitumor agent. Others have shown that LACA is ineffective as an 
antitumor agent (Klohs et aL. 1985). LACA cannot be hydroxylated and 
the newly synthesized polypeptides of procollagen, do not fold into stable 
triple-helical conformations. When a critical number of prolvl residues 
have been substituted by the analog the thermal stability of the molecule 
is decreased, leading to alterations in the extracellular matrix, which is 
less able to support the normal proliferative capacity of the cell (Jimenez 
and Rosenbloom. 1974; Uitto and Prockop. 1974: Tay et aL. 1983). Titano- 
cene dichloride. a reagent that inhibits the biosynthesis of coliagens. has 
also been shown to be an active antitumor acent bv suppressing aneioeen- 
esis (Bastaki et aL. 1994). 

3. Protamine 

Protamine, a 4.3-kDa arginine-rich protein, acts at a cellular site not associ- 
ated with the FGF receptor, because although it inhibits- the mitogenic 
effect of FGF it potentiates the mitogenic effect of epidermal growth factor 
(EGF) (Neufeld and Gospodarowicz, 1987: Majewski et aL, 1984). In 
addition, it has been shown to inhibit cross-linkine between aneiogenin 
and actin (Taylor and Folkman, 1982). an event directly related to the 
mechanism of action of this potent angiogenic factor. Protamine is not 
"used for the control of neovascularization because of its unacceptable 
cytotoxicity (Folkman, 1985). 

4. Cyclosporin A 

The immunosupressant drug cyclosporin A (CsA). administered as a long- 
term treatment during renal transplantation has been shown to have an- 
giostatic properties in the rat mesenteric window model (Norrby, 1992). 
The mechanism of its angiostatic activity is not understood. However, a 
clue as to the mechanism of its actions may be derived from the demonstra- 
tion that the CsA-sensitive transcription factor NFAT (nuclear factor of 
activated T cells) is present in endothelial ceils (Cockeriil et aL, 1994) 
The angiostatic effects of CsA may, therefore, be mediated through effects 
of the drug on genes regulated by the CsA-sensitive transcription factor 
NFAT. 
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5. Cartilage-Derived Factors 

Extracts of cartilage, one of the few avascular tissues in the bodv can 
inhibit angiogenesis (Eisenstein */ al.. 1975: Brem and Foikman.' I97>- 
Lancer e nil.. 1976. 1980). A protein, with sequence homolocv in the NH,- 
terminal region to collagenase inhibitor was purified from bovine scapular 
cartilage (Moses et al.. 1990). This protein inhibited proliferation and 
migration m vitro and angiogenesis in vivo in the CAM assav (Moses et 
al.. 1990). Because the dissolution of interstitial collacens is an important 
step in.angiogenesis (Langer et al.. 1980: Rifkin et al.. 1982). the presence 
ot collagenase inhibitors in cartilage explains its resistance to invasion 
and vascularization. 

6. Heparin. Steroids, and Heparin-Steroid Conjugates 

The control of angiogenesis with synthetic heparin substitutes was first 
demonstrated by Foikman and co-workers ( 1988). The angiostatic activity 
ot heparin and nonanticoagulant heparin fragments was shown to be en- 
hanced by administration of steroids (Crum et al.. 1985: Foikman and 
Ingber. 1987: Ingber et al.. 1986). Their mechanism of action was thought 
to be via induction of plasminogen activator inhibitor (PAI- 1 ). thus affect- 
ing the breakdown of basement membrane (Blei et al.. 1993). The efficacy 
of these drugs was increased again by conjugating the two moieties. The 
covaient linking of a nonanticoagulating derivative of heparin (heparin 
adipic hydrazide) to antiangiogenic steroid (Cortisol) via a labile bond 
generated a drug able to concentrate Cortisol inside the vascular endothe- 
lium. The heparin moiety was able to target to the sulfated polvanion 
receptor on the cell surface, followed by endocytosis and release of Cortisol 
inside the cell. The antiproliferative effect of these conjugates was far 
.greater than that of Cortisol and heparin administered in their unconjugated 
form (Thorpe et al.. 1993). The drugs were also shown to reduce vasculari- 
zation of subcutaneous sponge implants and retard the growth of subcuta- 
neous Lewis lung carcinoma by 65% (Thorpe et al.. 1993). 

7. Platelet Factor 4 

The platelet a-granule protein PF4 was shown to inhibit angiogenesis 
/ ,oL Fo'kman. 1982). as was recombinant human PF4 (Maione et 
al.. 1990). and the CAM assay. Furthermore. PF4 completely suppressed 
the growth factor-dependent proliferation of human umbilical vein endo- 
helial cells in culture (Maione et al.. 1990). Analysis of small peptides of 
the molecule suggests that the angiostatic activity was associated with 
the hepann-bindmg domain of the molecule, and addition of heparin in 
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experimental implants abrogated the effects of PF4. Platelet factor 4 has 
also been shown to have collagenase inhibitor activity ( Hiti-Harper et aL. 



8. Linomide 

When given systemically to mice. linomide reduces primarv and secondary 
tumor growth and metastasis of murine B 16 melanoma cells (Kallard 
1986: Harning and Szalay. 1983: Passanti et aL. 1992: Vukanovic et aL*. 
1993). The low toxicity of linomide. and its androgen-independent ability 
to inhibit tumor angiogenesis and hence suppress tumor arowth. make it 
a putative clinically useful drug. Currently, its long-term effects are under 
investigation. 

9. Placental RNase Inhibitors 

Although RNase inhibitors are currently not feasible clinical reagents, 
as a result of their rapid clearance, they have significant antiangioeenic 
activities in vitro. It may be possible to conjugate these reaaents with a 
protective protein to render them clinically useful. Placental RNasin binds 
to angiogenin hundreds of times more efficiently than it does to other 
nbonucleases (Fox and Riordan, 1990). suggesting a possible mechanism 
ot action of this class of reagent. Studies using the corneal model and the 
subcutaneous implantation model demonstrate reduction of FGF- and 
orthovanadate-enhanced angiogenesis (Shapiro and Vallee, 1987* Pola- 
kowski et aL. 1993). RNasin prevented tumor growth of C155 mammary 
tumor cells. Furthermore, its antitumorigenic activity correlated with its 
effect on tumor-induced angiogenesis, suggesting that the ability of RNasin 
to inhibit tumor growth was due to its ability to inhibit angiogenesis (Pola- 
kowski et aL, 1993). " 



10. Hyaluronic Acid 

Although hyaluronic acid (HA) fragments can be angiogenic, high molecu- 
lar weight hyaluronic acid inhibits the vascularization of chick embryo 
hmb bud (Feinberg and Beebe, 1983), and conversely the differentiation 
and vascular ingrowth are associated with an increase in tissue hyaluroni- 
dase activity (Toole, 1976; Belsky and Toole, 1983). Also, it has been 
shown that hyaluronic acid can reduce the rate of development of granula- 
tion tissue and newly formed capillaries around subcutaneous implants 
(Balazs and Darykiewicz, 1975). Studies by West and co-workers (1985) 
showed that the removal of HA may not only represent the removal of 
an inhibitor of angiogenesis, but that the degradative products of HA may 
be angiogenic. 



ANGIOGENESIS 

143 

LI. Inhibitors of Oligosaccharide Processing 

In a study of oligosaccharide processing, inhibitors of capillarv formation 
m the fibronectin-induced model of capillary formation showed that the 
synthesis of hybrid-type oligosaccharides is required for capillary forma- 
tion in vitro. During this process there is an increase in the synthesis of 
monosialated and fucosialated giycans on asparagine-Iinked oligosaccha- 
rides (Nguyen et aL. 1992). This observation may explain the mechanism 
whereby angiogenesis has been inhibited by antibodies directed auainst 
siaiyl-Lewis-X and sialyl-Lewis-A (Lowe et aL. 1990: Phillips et al "l990- 
Walz et al., 1990). 



12. Tumor Suppressor Genes 

Modulation of angiogenesis has been a possible function propounded for 
tumor suppressor genes (Bouck e>/ <//., 1986; Sager. 1986). Demonstration 
thauhe expression of a 148-kDa protein in the culture medium of BHK 21/ 
c 1 13 (baby hamster kidney ) cells was related to an active tumor suppressor 
gene, and that this protein inhibited angiogenesis in the corneal assay 
supports this idea (Rastinejad et aL, 1989). The function of this gene 'is 
clearly not specific to hamster, as it can be complemented by chromosome 
1 trom normal human fibroblasts (Stoler and Bouck. 1985). The identity 
of the inhibitor is as yet unknown. Antibodies to the protein show no 
cross-reactivity to known antigens of this size. Weak cross-reactivity to 
collagen type IV was observed. However, the BHK inhibitor did not show 
the expected sensitivity to coilagenase. 



13. Thrombospondin 

Good and co-workers were the first to identify thrombospondin (TSP) as 
being an inhibitor of angiogenesis (1990) when the amino acid sequence 
of an antiangiogenic tumor suppressor gene (Rastinejad et aL, 1989) was 
found to be similar to thrombospondin. Further studies showed that puri- 
fied human TSP, isolated from platelets, was able to block neovasculariza- 
tion in the rat corneal model, and inhibits chemotaxis of capillary endothe- 
lial cells toward angiogenic factors (Good et aL, 1990). Its role as an 
angiogenic inhibitor was further supported by the elesrant studies of O'Shea 
and Dixit (1988). who showed, the presence of TSP to be adjacent to 
mature quiescent vessels, but absent from actively growing sprouts. This 
relationship was subsequently demonstrated in vitro i Irueia-Arispe et al 
1991). In addition, the role of TSP as an angiogenic inhibitor is further 
supported by the inability of endothelial cells in fast-growing hemangiomas 
to make TSP (Sage and Bornstein. 1982), and the ability of antibodies to 
TSP to increase angiogenesis in vitro ( Imela- Arispe et aL, 1991). Throm- 
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bospondin mRNA has been shown to be downregulated in endothelial 
cells forming tubes in culture (Canrield et aL, 1986). 

The mechanism of action of TSP is unclear, but is postulated to be 
related to modulation of adhesion interaction and growth because TSP can 
mediate cell-cell interactions, and may also play a role in cell-substrate 
interactions. For endothelial cells TSP can be deadhesive. When endothe- 
lial cells are spread on other substrates the focal contacts can be broken 
by exposure ro soluble TSP (Murphy-Ullrich and Hook. 1989: Murphy- 
Ullrich et aL. 1991). Thrombuspondin has also been shown to inhibit 
endothelial cell growth (Bagavandoss and Wilks. 1990; Tarabolett et aL. 
1990: Murphy-Ullrich et aL, 1992). Further studies showed that both 
the NH r terminally truncated TSP, and a series of peptides from the 
procollagen-like region of the molecule, also blocked angiogenesis (Tolsma 
et aL, 1993); In more recent studies. TSP-containing fibrin and collagen 
| matrices were able to promote angiogenesis in rat aortic explants on 
Matrigel (Nicosia and Tuszynski, 1994). These investigators showed that 
TSP directly stimulated the growth of aortic culture-derived myofi- 
broblasts, which in turn promoted microvessel formation when cocultured 
with the aortic explants. This result is inconsistent with the interpretation 
of the in vivo studies, which show matrix-bound TSP in mature vessels, 
and report its absence in activelv growine sprouts (O'Shea and Dixit. 
1988). 

14. Estrogen Metabolites 

The endogenous estrogen metabolite 2-methoxyestradiol inhibits angio- 
genesis and suppresses tumor growth (Fotsis et aL, 1994). This derivative 
is shown to inhibit cell proliferation and migration, and angiogenesis in 
vitro. It has also been shown to inhibit neovascularization and tumor 
growth in mice. This is the first steroid derivative to be active without 
heparin or sulfated cyclodextrins, indicating a different mechanism of 
action. 2-Methoxyestradiol has negligible interaction with the estrogen 
receptor (MacClusky et aL, 1983). Although its mechanism of action is not 
fully understood, it has been shown to induce urokinase-type plasminogen 
activator, suggesting that modulation of endothelial cell proteolysis may 
be responsible, in part, for the inhibitory action of this compound (Fotsis 
et aL, 1993; 1994). 

15. Genistein 

Genistein was isolated from the urine of vegetarians, and was shown to 
inhibit angiogenesis and cell proliferation (Fotsis et aL, 1993; Schweigerer 
et aL, 1992). This reagent was also shown to inhibit the production of 
plasminogen activator and plasminogen activator inhibitor in vascular 
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endothelial cells, suggesting a role in matrix metabolism. Genistein precur- 
sors are present in soy products, and its role as an angiogenic inhibitor 
correlates with the epidemiological data showing cultures consuminc high 
soy diets (traditional Japanese) having a lower incidence of vascular tu- 
mors (Setchell and Adlercreutz. 1988: Adlercreutz et aL, 1991: Muir et 
aL, 1987). 

16. Synergism between Polysaccharides and Estrogen 

Sulfated polysaccharide-peptidoglycan complex, isolated from Athro- 
batter, inhibited embryonic and tumor-induced angiogenesis and the 
growth of solid tumors (Inoue et al.. 1988). More recently, this reagent 
has been shown to synergize with Tamofexin and a-estrogen. and to 
reduce angiogenesis to a greater extent (Tanaku et aL, 1991K 

17. Angiostatin 

The observation that some tumor masses were able to suppress tumor 
growth has recently led to the isolation of a 38-kDa inhibitor of angiogen- 
esis. named angiostatin (CTReilly et aL, i994). This molecule is able to 
specifically inhibit endothelial cell proliferation: inhibit neovasculariza- 
tion, and the growth of metastases. Angiostatin shares considerable homol- 
ogy to an internal fragment of plasminogen, which corresponds to the first 
four Kringie regions of the molecule (Lerch et aL, 1990). The mechanism 
of its action is not yet known. It is interesting to note that angiostatin shares 
structural homology to hepatocyte growth factor (HGF). a glycoprotein 
suggested to act as a paracrine mediator of angiogenesis (Grant et aL, 
1993). This raises the intriguing possibility that angiostatin could compete 
with HGF for its receptor, c-met (Tsarfaty et aL, 1992). 



IV. Concluding Remarks 

The aim of further research must surely be to devise a more satisfactory 
regime of treatment to enhance angiogenesis where it would be beneficial, 
such as in wound healing, and to abrogate the process in solid tumors, 
where clearly their progress is dependent on the maintenance of a compe- 
tent vascular supply. 

, Therapeutic modulation of angiogenesis is shown to be more effective 
through regimes that combine effective agents. To allow a more relevant 
evaluation of reagents with potential angiogenic responses it will be im- 
portant to develop more sophisticated in vitro models that more closely 
parallel the in vivo situation. Searching for a single gene that determines 
this complex process is perhaps a simplistic and naive approach. It seems 
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more likely that -renter advances are to he made in understanding the 
factors that influence those common molecules that we know are altered 
during angiogenesis. Understanding the factors that alter the extracellular 
milieu and alter gene expression during early events in angiogenesis will 
greatly assist the development of clinical regimes that modulate angio- 
genesis. 
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V 

▼ ascular endothelium, consisting of the cells and the 
extracellular matrices (ECM) that line the blood vessels, 
displays two characteristic properties: (a) endothelial re- 
newal and angiogenesis, and (b) interactions with blood 
molecules and leukocytes. The turnover of endothelial 
cells (ECs) in most adult tissues is exceedingly slow, 
varying from just under 100 days in lung, liver, and mes- 
entery to 1,000 days in brain, but replication periods 
may shorten 20 jto 2,000 times during wound healing, 
inflammation, and malignancy, and are even faster in 
uteroplacental tissue and embryogenesis (1,2). Estab- 
lished endothelium regulates the blood coagulation sys- 
tem (3), the lumenal diameter of its vessel (4), attachment 
of leukocytes to its surface and their migration into in- 
terstitium (5), and antigen presentation to lymphocytes 
(6). 

Each of the endothelial functions described is coordi- 
nated by cytokines. These soluble, small molecular 
weight proteins are directed at ECs and their neighbors 
from adjoining mast cells, T cells, and macrophages, from 
other ECs, and from distant sites upstream in the circula- 
tion. Many cytokines possess binding sites on the ECM or 
endothelial surface, which prevent them from being 
washed away in the axial blood stream, potentially creat- 
ing an important periendothelial cytokine reservoir (7,8). 
We discuss the cytokines involved in EC proliferation and 
interactions with the blood, with an emphasis on their 
contribution to pathophysiological mechanisms. 



RENEWAL AND ANGIOGENESIS 



Endothelial renewal entails EC multiplication and migra- 
tion (9,10). However, in addition to local EC division, 
there may be a role in vivo for a circulating pool of EC 
precursors, the existence of which has been implied by 
the finding of ECs in the bloodstream (11). 

Angiogenesis, in contrast, summarizes a myriad of ac- 
tivities leading to the formation of an entire new blood 
vessel. It may be divided into component stages, using 
models such as cultured ECs on a three-dimensional (3D) 
gel or the growth of vessels on cornea or chorioallantoic 
membrane. New capillaries begin the process by sprout- 
ing from venules as ECs move in response to a migratory 
stimulus through basement membrane that has been lo- 
cally degraded. The motile ECs elongate and align to cre- 
ate a solid sprout, which lengthens, canalizes, and joins 
other sprouts to form a loop. Pericytes adjoin the ECs, 
and the mature, stable capillary is formed (12). The place 
of cytokines in each stage may be studied. 

Fibroblast growth factor 



BACKGROUND: Fibroblast growth factor (FGF) 
comprises a family of at least seven heparin binding 
growth factors sharing 35 to 55% amino acid identity. 



102 Human Cytokines: Their Role in Disease and Therapy 



FGF-1 and FGF-2 (acidic and basic FGF) are the best 
characterized iso forms and are the subject of this review, 
in which they are generally viewed synonomously. Each 
is a 154 amino acid polypeptide and together they are 
produced by most cell types, including ECs (13). 

FGF is thought by some to be the principal cytokine 
involved in the in vivo induction of angiogenesis (9,14). 
It is expressed ubiquitously in normal adult tissues, but a 
paradox is raised in that endothelial proliferation in these 
tissues is generally quiescent, except in the female repro- 
ductive organs and at sites of pathology. This inactivity is 
not accounted for by FGF's lack of a classic signal se- 
quence for secretion, because it is found extracellularly, 
possibly due to a truncated receptor, which serves as a 
secretory carrier (15). A more likely explanation is that 
the cellular responses to FGF are mediated by a receptor 
complex comprising heparin sulfate moieties, rather than 
by a single protein, which is subject to considerable poly- 
morphism (16). 

EFFECTS ON ECS IN VITRO: FGF stimulates pro- 
liferation and migration of cultured EGs (9,14,17), but, in 
addition to promitotic actions, it has several other effects 
that are likely to be important. One of the phenotypic 
hallmarks of migrating ECs is expression of plasminogen 
activator (PA), a central mediator of extracellular proteol- 
ysis. FGF up-regulates the synthesis of PA and collagen- 
ase (17-19). Wounding of an EC monolayer triggers a 
marked, rapid, and sustained increase in expression of a 
specific high-affinity receptor for the urokinase-type PA 
(u-PA) on the surface of migrating cells, the postulated 
role of which is to mediate efficient and spatially re- 
stricted extracellular proteolytic activity by migrating ECs 
(20,21). Increases in u-PA and u-PA receptor are both de- 
pendent on endogenous FGF. 

EC invasiveness and formation of patent capillaries in 
fibrin and collagen gels is stimulated by FGF (22). It in- 
creases expression of the av|33 integrin, which correlates 
with an increased ability of microvascular ECs to bind to 
vitronectin, but not to fibronectin-coated surfaces (23). 
There is up-regulated biosynthesis of the colla- 
gen/laminin receptor, the <x2pi integrin and the a5- 
chain, which conjugates with pi to form a fibronectin re- 
ceptor. These effects of FGF may provide ECs with an 
_ enhanced capacity to attach to, or migrate through, both 
their underlying basement membrane and the interstitial 
matrix (24). j 

FGF INTRACELLULAR SIGNALING: The signal- 
ing pathway of FGF appears to involve both a membrane 
receptor and a direct nuclear site of action. There are two 
FGF receptors, one of high affinity, which possesses an 
intracellular tyrosine kinase domain (25), and the other 
of low affinity, a heparan sulfate proteoglycan (HSPG) 
(26,27). It appears that binding to cell surface HSPG is a 



prerequisite for high-affinity binding and mitogenic activ- 
ity (16). Studies employing peptide mutants of FGF and 
anti-FGF antibodies to regulate the FGF-receptor inter- 
action suggest that the mitogenic and PA-inducing activi- 
ties of FGF depend on different domains of the FGF 
high-affinity receptor and different intracellular transduc- 
tion pathways (28). Mitogenic activity involves triggering 
of protein kinase C (PKC), whereas plasminogen activa- 
tion is independent of PKC, but requires a calcium flux 

(29) . 

FGF translocates to and accumulates in the nucleolus 
of ECs, independent of its high affinity receptor binding 

(30) . It appears to stimulate the transcription of ribo- 
somal genes during the transition from G 0 to G t phases of 
the cell cycle, a step closely linked to ribosome assembly 
and cell proliferation (31). Confluent ECs, in contrast to 
growing cells, contain no nuclear FGF (32). A mutant 
FGF lacking a nuclear translocation sequence fails to in- 
duce DNA synthesis and EC proliferation at concentra- 
tions sufficient to give rise to receptor-mediated tyrosine 
phosphorylation and c-fos expression (33). 

A long-lasting interaction between FGF and cultured 
ECs with prolonged activation of PKC has been thought 
by others to be required to induce cell proliferation (34). 
Because high-affinity receptors lead to rapid internaliza- 
tion of FGF, and the low affinity sites mediate a slow in- 
ternalization of FGF (35), the HSPG binding sites may be 
essential for FGF's growth factor activity. 

FGF-HEPARAN SULFATE PROTEOGLYCAN 
INTERACTIONS: Heparan sulfate proteoglycans 
(HSPGs) are ubiquitous constituents of mammalian cell 
surfaces and most extracellular matrices. EC surface 
heparan sulfates facilitate the interaction of FGF with its 
receptor by concentrating FGF at the cell surface, possi- 
bly through phosphorylation of FGF at its receptor-bind- 
ing domain because this process is associated with in- 
creased receptor affinity (16,36,37). FGF binding to 
HSPGs offers protection against proteolytic degradation 
and creates a reservoir of growth factor in tissues (8,38). 
Degradative enzymes may not be needed to release FGF 
from the heparan sulfates in instances where receptors 
and heparan sulfate-bound FGF are in close proximity 
because dissociation from heparan sulfates occurs rapidly 
enough to allow FGF to bind to unoccupied receptors by 
laws of mass action (36). 

In a model of neuroepithelial embryogenesis that may 
hold clues for the endothelial scenario, Nurcombe and 
colleagues (39) showed that by sequentially binding dif- 
ferent forms of FGF, differentially glycosylated HSPG 
species regulate development. This regulatory mecha- 
nism does not rely on changes in cell surface receptor ex- 
pression or cessation of growth factor production and al- 
lows for rapid changes in cell signaling during 
development (39). 



FGF INHIBITORS: The activities of FGF are limited 
by transforming growth factor-P (TGF-P), interferon-v 
(IFN-y), and platelet factor-4 (PF-4). TGF-P can be acti- 
vated from its latent, secreted form by plasmin, which is 
activated by FGF. TGF-p then limits the PA-inducing ac- 
tivity of FGF through increased synthesis of PA inhibitor- 
1 (PAI-1) and decreased transcription of the u-PA gene 
(18). IFN-y inhibits EC growth possibly by decreasing 
FGF receptor expression (40). PF-4 blocks the binding of 
FGF to its receptor and therefore inhibits the migration 
and tube formation of bovine capillary ECs in culture 
(41). ~ - 

A bacterially derived sulfated polysaccharide inhibits 
the growth and chemotaxis of ECs stimulated by FGF 
possibly by preventing the binding of FGF at both its low 
and high affinity binding sites (42). Chloroquine, a drug 
used to treat malaria and inflammatory diseases, inhibits 
FGF-stimulated EC growth in a dose-dependent fashion 
(43). 

EFFECTS IN VIVO: Antisense oligonucleotides com- 
plementary to FGF messenger RNA (mRNA) illustrate the. 
significant role of FGF as an endothelial growth promoter 
in an in vitro environment (44). In vivo experiments con- 
firm that FGF has a critical part in the formation of new 
blood vessels. 

Nanogram amounts of FGF induce angiogenesis in the 
chick embryo chorioallantoic membrane and in the cor- 
nea (45). Nabel and colleagues (46) used a eukaryotic ex- 
pression vector encoding a secreted form of FGF-1 and 
introduced it by direct gene transfer into porcine arteries. 
In this somatic transgenic model, FGF-1 expression in- 
duced intimal thickening and angiogenesis within 21 
days, in comparison with control arteries transfected with 
% an Escherichia coli P-galactosidase gene. The neointimal 
ECs appeared to originate from adjacent arterial luminal 
ECs because both were negative for von Willebrand factor 
(46). 

Using rabbit ear excision wounds and introducing var- 
ious cytokines, Pierce and associates (47) showed that 
FGF induces an angiogenic response with a marked in- 
crease in ECs and neo vessels. This effect appears to delay 
wound maturation. In contrast, platelet-derived growth 
factor (PDGF) augments early glycosaminoglycan and 
fibronectin deposition and induces greater amounts of 
collagen, whereas TFG-pl rapidly enhances collagen syn- 
thesis and maturation. Each agent appears to have com- 
plementary actions (47). 

Villaschi and Nicosia (48) found that addition of puri- 
fied FGF increases both the number and the length of 
microvessels sprouting from the explants in a rat aortic 
injury model and prevents microvessel regression. Neu- 
tralizing anti-FGF antibodies cause a 40% reduction of 
angiogenesis (48). 
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Vascular endothelial growth factor/vascular 
permeability factor 



BACKGROUND AND EC EFFECTS: Vascular en- 
dothelial growth factor (VEGF) and vascular permeability 
factor (VPF) are two terms for an identical 46-kd protein 
related to PDGF and produced by several tumor cells, lu- 
teal cells, renal glomerular visceral epithelial cells, and 
vascular smooth muscle cells (VSMCs) (49-51). It is a se- 
lective and potent EC mitogen both in vitro and in vivo 
(50,52); it has no proliferative activity on VSMCs, fibro- 
blasts, and epithelial cells (49). VEGF is angiogenic in 
vitro, and it causes microvascular ECs grown on 3D colla- 
gen gels to invade the underlying matrix and to form cap- 
illary-like tubules (52). 

VEGF promotes vascular leakage, causes von 
Willebrand factor release, and synergizes with tumor ne- 
crosis factor-a (TNF-a) to promote procoagulant activity 
on ECs (49). In addition, it induces expression of the only 
metalloproteinase that can initiate the degradation of in- 
terstitial collagen types 1 to III under normal physiologi- 
cal conditions (53). 

VEGF SIGNALING: Several tyrosine kinase recep- 
tors have been described for VEGF, including fit and flk-1 
(2,54). These receptors are detected only on ECs. Flk-1 in 
particular is found on ECs during embryogenesis; it is es- 
pecially abundant in blood islands of the yolk sac, where 
EC progenitors originate, and on vascular sprouts and 
branching vessels of developing brain. In contrast, flk-1 
transcripts are drastically reduced in adult brain, in which 
vascular proliferation has ended (2). These findings con- 
trast with the lack of detectable FGF receptors on ECs 
during embryogenesis (55). 

VEGF binds heparin via a nonreceptor binding do- 
main, which strongly potentiates its binding to fit, 
whereas a2-macroglobulin, a major serum protein, inac- 
tivates the receptor binding ability of VEGF (50). Akin to 
FGF, VEGF induces an angiogenic response via a direct 
effect on endothelial cells, and, when acting in concert, 
these two cytokines have a potent synergistic effect on the 
induction of angiogenesis in vitro (52). 

VEGF IN ANGIOGENESIS, MALIGNANCY, 
_AND WOUND HEALING: VEGF mRNA is expressed 
in cells surrounding an expanding vasculature in embry- 
onic implantation sites, ovarian follicles, corpus luteum, 
and at sites of repair of endometrial vessels. It predomi- 
nates "in tissues that acquire a new capillary network, but 
its binding activity is found on both quiescent and prolif- 
erating ECs. VEGF expression may be hormonally regu- 
lated because it increases with the acquisition of cellular 
steroidogenic activity and varies with the ovarian cycle in 
the endometrium. During the early proliferative phase, it 
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is found in the estrogen-responsive, secretory columnar 
epithelium. Under the influence of progesterone in the 
secretory phase, when new blood vessel development 
is maximal, VEGF expression shifts to cells of the under- 
lying stroma comprising the functional endometrium 
(56). 

A particular role for VEGF in tumor angiogenesis is ap- 
parent. Expression of VEGF on Chinese hamster ovary 
(CHO) cells confers on them the ability to form tumors in 
nude mice (57). Monoclonal antibodies to VEGF inhibit 
the growth of rhabdomyosarcoma, glioblastoma multi- 
forme, and leiomyosarcoma cell lines in nude mice, but 
they have no effect on the growth rate of these tumor cells 
in vitro, implying a direct effect on reducing the vascular 
density in antibody- treated tumors (57). 

In situ analysis of glioblastoma multiforme brain 
tumor specimens shows that VEGF production is specif- 
ically induced in a subset of glioblastoma cells distin- 
guished by their proximity to necrotic foci. Capillaries ap- 
pear to cluster alongside these VEGF-producing tumor 
cells. VEGF mRNA levels are dramatically responsive to 
their 0 2 milieu, suggesting a mechanism for these find- 
ings. Within a few hours of exposing glioma and muscle 
cell cultures to hypoxia, VEGF mRNA levels increase and 
return to background when a normal 0 2 supply is re- 
stored (58). Comparison of astrocytomas with the more^ 
malignant glioblastoma, which is characterized by necro- 
sis and vascular proliferation, reveals that more VEGF is 
expressed in the latter. Fit is not expressed in normal 
brain ECs, but it is found in these tumor ECs (59). 

The other activity of VEGF on ECs — increased perme- 
ability — is a characteristic feature of normal wound healing. 
Persistent microvascular permeability to plasma proteins, 
even after cessation of injury, results in extravasation of fi- 
brinogen, and the resultant fibrin serves as a provisional 
matrix that promotes angiogenesis and scar formation. 
VEGF mRNA levels in keratinocytes at wound edges are 
greatly increased, and they correlate with the permeabil- 
ity of wound tissue vessels (60). 

Hepatocyte growth factor/scatter factor 



Hepatocyte growth factor (HGF) and scatter factor (SF) 
are identical, basic, heparin-binding glycoproteins that 
share 38% amino acid identity with plasminogen (61,62). 
They are produced by fibroblasts and VSMCs. HGF in- 
duces renal epithelial cells to form branching networks of 
1 ^ules in a collagen matrix (63), whereas SF disperses 
cohesive epithelial colonies and stimulates cell motility 
(64,65). The receptor for HGF/SF is c-met, a transmem- 
brane tyrosine kinase (66), which is expressed and stimu- 
lated by HGF on ECs (67). 

HGF stimulates EC growth and motility 'in vitro and 
promotes wound repair in EC monolayers. ECs assume a 



dendritic phenotype. HGF does not induce procoagulant 
activity or platelet-activating factor (67), but EC secretion 
of plasminogen activators and urokinase, which are re- 
quired during the early stages of angiogenesis when ECs 
degrade ECM, are induced by SF (68). In a corneal model, 
HGF produced angiogenesis (67). lmmunoreactive SF is 
present in a perivascular distribution surrounding sites of 
blood vessel formation in the skin of psoriatic plaques, 
but not in normal skin, in which angiogenesis is not a fea- 
ture (68). 

Transforming growth factor-fi 



TGF-p is unlike other cytokines with proangiogenic ef- 
fects. Some investigators have found that TGF-P induces 
tube formation by ECs in 3D collagen gels without affect- 
ing cell proliferation (69,70), but in other in vitro sys- 
tems, it is a potent inhibitor of EC proliferation, migra- 
tion, tube formation, and protease synthesis (71—75). 
Dramatic increases in collagen and fibronectin synthesis 
and inhibition of matrix -degrading enzyme produc- 
tion (76,77), brought about by TGF-P, may modulate 
its effects on endothelial phenotype and explain dif- 
ferences between various in vitro models (69). In 
vivo TGF-p is angiogenic, although it has been suspected 
that this action is not directly on ECs but rather on other 
cells (e.g., fibroblasts and macrophages, whose many 
products may potentiate the angiogenic response) 
(78,79). 

TGF-p may signal resolution of the angiogenic process 
begun by factors that are principally initiating stimuli, 
such as FGF and VEGF. Wound studies in vivo show that 
FGF produces marked increases in new vessels and per- 
sistence of the provisional ECM, whereas TGF-P acceler- 
ates maturation of the provisional ECM through rapidly 
enhanced collagen synthesis, leading to coverage of 
wound defects with fibrous tissue (47,80). In chorioallan- 
toic membranes, FGF induces primarily small blood ves- 
sels, whereas the vessels formed in response to TGF-P are 
large and bear intercellular junctional complexes (70,79). 
TGF-p 1 also promotes the differentiation of ECs into 
VSMCs in vitro (81) and stimulates intimal VSMCs to 
synthesize increased amounts of lipoprotein-binding pro- 
teoglycans (82). 

- TGF-p is secreted constitutively by ECs as a high mo- 
lecular weight inactive complex, with a latency-associated 
peptide and a latent TGF-P binding protein. Activation of 
latent TGF-p occurs in cocultures of ECs with VSMCs or 
pericytes and is thought to be at least in part mediated by 
plasmin cleavage of the aminoterminal propeptide. This 
process is facilitated by FGF, which increases plasmino- 
gen activator activity (18,72). Thus, the presence and ef- 
fectiveness of TGF-p are determined by proximal cell 
types and the ability to activate the latent form. 
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Hematopoietic colony -stimulating factors 



The colony-stimulating factors (CSFs) are characterized 
by their profound effects on the proliferation of blood cell 
precursors. ECs and hematopoietic cells share surface 
markers such as PECAM-1 (83,84), CD34 (85,86), CD36 
(87), and CD45 (88), and they closely interact in the bone 
marrow, suggesting the common ancestry of their lin- 
eages and the possible effectiveness of the CSFs upon the 
former. 

Granulocyte and granulocyte-macrophage CSFs (G- 
CSF, GM-CSF) have been shown to induce human ECs to 
migrate and proliferate, without altering their hemostatic 
or inflammatory phenotypes. In comparison to FGF, in- 
duction of migration was of a similar order of magnitude, 
although the extent of proliferation was less (89,90). In 
the corneal model, G-CSF induced neovascularization. 
An inability to repeat these results, however (91), and in 
particular the lack of demonstrable receptors for GM-CSF 
on human umbilical vein ECs (HUVECs) by binding anal- 
ysis, surface expression, and receptor mRNA analysis 
(92,93) , leave the significance of the original observations 
unclear 

In the last year, it has emerged that resting HUVECs 
express mRNA for the a- and P-chains of the interieukin- 
3 (1L-3) receptor (90,91,94). This receptor is functional 
in mediating IL-3 stimulation of HUVEC DNA synthesis 
and proliferation (92). Furthermore, use of recombinant 
human IL-3 and GM-CSF after high^dose cancer chemo- 
therapy is associated with expansion of the vascular net- 
work of the bone marrow and an increase in the propor- 
tion of CD34-expressing ECs (95). Erythropoietin is also 
reported to possess mitogenic and chemotactic activity on 
ECs (96). 

Other cytokines affecting EC renewal 
and angiogenesis 



ONCOSTAT1N M: Oncostatin M is a glycoprotein of 
196 amino acids produced by activated T cells that inhibits 
the growth of several human tumor cell lines. It also inhib- 
its the growth of normal bovine aortic ECs, while stimulat- 
ing the growth of a number of fibroblast cell lines (97). 

INTERLEUK1N-4 : IL-4 is a potent EC mitogen (98), 
and it also stimulates the expression of u-PA (99), sug- 
gesting that it has a role in angiogenesis. Both these effects 
of IL-4 occur preferentially in microvascular, rather than 
in macro vascular, endothelium. 

1NTERLEUKIN-8: 1L-8 has been reported to stimu- 
late the chemotaxis of HUVECs with effects comparable 
to FGF. TNF-a or IL-8 antibodies reduce the chemotactic 
response for HUVECs to conditioned media from lipo- 



polysaccharide-stimulated peripheral blood monocytes or 
synovial tissue macrophages. Antisense RNA oligonucle- 
otide to IL-8 blocks the production of angiogenic activity 
by monocytes. IL-8 binds to heparin, as do the well char- 
acterized angiogenic factors, such as FGF and VEGF 
(100). 

EPIDERMAL GROWTH FACTOR: Epidermal 
growth factor (EGF) is a mitogenic polypeptide that ac- 
celerates angiogenesis (101). EGF and EGF receptor im- 
munoreactivity is present at the cytoplasmic interdigita- 
tions between ECs and pericytes in the angiogenic 
immature capillaries of human granulation tissue, but it is 
absent in mature capillaries (102). 

PLATELET-DERIVED GROWTH FACTOR: 
PDGF is a mitogen and a chemotaxin for VSMCs and fi- 
broblasts (103), and it has roles in wound healing and an- 
giogenesis (47,104,105). It stimulates fibroblasts to syn- 
thesize collagen and collagenase, which leads to 
modification of the ECM; it is also a potent vasoconstric- 
tor (101). PDGF is stored in platelet a-granules, ECs, 
VSMCs, and macrophages, in particular those in newly 
formed atherosclerotic plaques (101,106). Two receptors, 
a and p, are ligand-activated tyrosine kinases (107). IL-l, 
TNF-a, lipopolysaccharide, and blood flow induce accu- 
mulation of PDGF mRNA in ECs, whereas IFN-y and ni- 
tric oxide have the opposite effect (108,109). 

INSULIN-LIKE GROWTH FACTOR: Insulin-like 
growth factor- 1 is secreted by ECs from their basal 
abluminal surface. It supports VSMC and fibroblast 
growth in vitro (110,111). 

INTERLEUKIN- 1 : IL-l inhibits the proliferation of 
ECs in vitro, particularly when combined with FGF 
(112). It promotes growth of VSMCs and fibroblasts, pos- 
sibly via increased PDGF release (106). 

ENDOTHELIN-1: Endothelin-1 (ET-1) is a 21 amino 
acid peptide released from the endothelium. It elicits a va- 
riety of biological effects that include VSMC contraction 
and proliferation (113). ET-1 production by ECs is aug- 
mented by thrombin, G-CSF, TGF-(5, and IL-l (11*-1 16). 
Fluid shear stress induces rapid and significant down-reg- 
ulation of ET-1 mRNA and peptide release (117). 

Summary of the pathophysiological effects 
of endothelial mitogens 



Knowledge of the actions, structures, and encoding genes 
of the endothelial mitogenic factors has been applied to 
pathophysiology, and examples of the in vivo relevance of 
each cytokine have been given. A range of studies, includ- 
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ing those of cytokine or cytokine-induced mediator ex- 
pression in pathological specimens and those of direct 
addition of a cytokine (e.g., by gene transfection) or its 
withdrawal (e.g., by antisense oligonucleotide), permit 
increasing levels of confidence with regard to conclusions 
of causality. 

The descriptive method, which is more suited to 
human samples, is exemplified by work on VEGF expres- 
sion in the uterus (56) and the role of angiogenic factors 
in rheumatoid arthritis. Synovial pannus tissue in rheu- 
matoid arthritic joints is invasive and destructive of adja- 
cent cartilage and bone. Its formation is accompanied by 
ingrowth of new vascular networks, and the level of an- 
giogenic activity correlates with infiltration of inflam- 
matory cells, synovial hyperplasia, and clinical score 
(118,119). FGF expression has been shown in ECs of the 
rheumatoid pannus and in streptococcal-induced arthritis 
in rats (120,121). EGF and PDGF localization is also as- 
sociated with areas of new vessel growth (122). Agents 
effective in the therapy of rheumatoid arthritis inhibit EC 
proliferation (123, 124). 

A study of injured rat aorta implicates FGF more con- 
clusively in endothelial cell responses, but its application 
in human disease has not been established. Immunohisto- 
chemical staining of rat aorta shows FGF in the cytoplasm 
of endothelial and smooth muscle cells. Endogenous FGF 
is demonstrable by Western blot analysis in aorta-condi- 
tioned medium after ring dissection. Neutralizing anti- 
FGF antibodies inhibit the increased numbers and length 
of sprouting micro vessels provoked by injury, suggesting 
that the FGF present is functional. Purified FGF increases 
both the number and the length of microvessels sprouting 
from the expiants, particularly late after the injury, when 
release of endogenous FGF is minimal. FGF release by 
vascular cells thus appears to have a role in the autoregu- 
lation of angiogenesis after vascular injury (48). 

Surgical interventions, such as bypass grafting, athe- 
rectomy, or endarterectomy, involve similar vascular in- 
jury, but they are also often complicated by intimal hyper- 
plasia of VSMCs. The increased rate of migration and 
turnover of VSMCs in response to injury is dependent on 
the presence of dividing ECs. VSMC proliferation is max- 
imal when the ECs are proliferating. When the ECs stabi- 
lize and cover the lumenal surface, VSMC proliferation 
slows. The relationship of this phenomenon to EC-de- 
rived FGF or PDGF is not clear (125), although the fail- 
ure of confluent ECs to localize FGF to their nuclei is in- 
teresting (32). TGF-p also decreases VSMC proliferation 
(72). This effect may explain why VSMC proliferation 
slows when ECs cover an injury. 

A recent innovation of in vitro assays — coculturing 
ECs with their supporting stromal cells to parallel the in 
vivo situation — provides another demonstration of inter- 
actions between ECs with their neighboring pericytes or 
VSMCs. Pericytes grown in coculture with ECs inhibit EC 



proliferation (126), on the basis of the ability of 
cocultures but not homocellular cultures to produce acti- 
vated TGF-P (72). Angiogenesis in the fetal retina ceases 
as mural pericytes appear, and pathological neovasculari- 
zation in diabetic retinopathy is associated with loss of 
pericytes (127). 

EC cocultures with keratinocytes shed light on the 
common dermatological disease psoriasis, which is char- 
acterized by hyperproliferation of keratinocytes and 
abnormally extensive dermal capillary networks. Keratin- 
ocytes produce TGF-a, which in an autocrine manner 
leads to their hyperproliferation. TGF-a also stimulates 
human omental microvascular ECs in type I collagen gels 
to form tubular-like structures. When keratinocytes are 
cocultured with omental ECs, tubular-like EC structures 
appear in collagen gels, which are inhibitable by anti- 
TGF-a antibodies (128). It thus appears that TGF-a acts 
in an autocrine fashion on keratinocytes and in a para- 
crine manner on ECs, therefore appearing to facilitate the 
neovascularization required to allow for the increased 
surface keratinocyte population. 

Angiogenesis appears to be closely related to malig- 
nancy (129). Angiogenic agents have been isolated from 
tumors, and neovascularization is present in most malig- 
nancies at the time of their detection, thus appearing to be 
directly related to malignant grade and prognosis. The 
malignant progression of melanoma from normal skin to 
dysplastic melanocytic nevus, to cutaneous malignant 
melanoma, and finally to metastatic malignant melanoma 
is associated with increasing vascularity (130). Horak and 
associates (131) showed that the number of microvessels 
in primary breast cancers is directly correlated with 
pathological indicators of an increasingly poor prognosis. 
The association of VEGF with rhabdomyosarcoma, glio- 
blastoma multiforme, and leiomyosarcoma is an example 
of the role of cytokine-induced angiogenesis in malig- 
nancy (57). Tumor-cell hypoxia is believed to stimulate 
production of VEGF. In acquired immunodeficiency syn- 
drome-related Kaposi's sarcoma, the malignant cells also 
express cytokines with autocrine and paracrine growth 
effects, which foster growth of this vascular tumor (132- 
134). Coculture of ECs with human glioblastoma cells 
demonstrates how angiogenic cytokines may be working. 
In contact with glioma cells, ECs form tubes, an in vitro 
surrogate for capillaries. Only glioma-cell lines that pos- 
sess high levels of FGF mRNA induce such tube forma- 
tion, and this process can be blocked by coadministration 
of anti-FGF antibody (135). 

Because EC renewal and angiogenesis are key events in 
important pathological processes such as wound healing, 
inflammation, and malignancy, but are not a feature of 
normal tissues except in the female reproductive system, 
attempts to define angiogenic inhibitors have been in 
progress. Physiological inhibitors of angiogenesis are 
present in blood and urine, and they include Cortisol me- 
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- tabohtes that lack glucocorticoid and mineralocorticoid 
activities (136). These metabolites may act by increasing 
the synthesis of PAI-1 (137). Heparin potentiates their ac 
tion, and it is believed to function by virtue of its high 
athnity for angiogenic factors, such as FGF and VEGF 
(138). 

IFN-ot has been used successfully in pulmonary 
hemangiomatosis with an associated decrease in the den- 
sity of abnormal vessels (139). Derivatives of Aspergillus 
Jumigatus products are effective inhibitors of angiogenesis 
in vitro, as well as in tumors and collagen-induced arthri- 
tis in rats, with minimal toxicity (140,141). A number of 
other compounds inhibit angiogenesis in vitro, including 
antiestrogens (142), cyclosporine (143), ribonuclease in- 
hibitors (144), protein kinase inhibitors (145), and cal- 
cium channel blockers (146). In vitro experimentation 
has shown that changes in the constitution of ECM or 
monoclonal antibodies directed to 01 and 03 integrins, 
which mediate EC-matrix interactions, can alter the type 
and number of capillary tubes formed (147,148). This 
finding offers prospects for the development of targeted 
inhibitors of angiogenesis. 

ENDOTHELIAL CELL 
INTERACTIONS WITH BLOOD 
MOLECULES AND LEUKOCYTES 

In this section, the roles of cytokines acting on or pro- 
duced by endothelia, which affect its relationship with the 
elements of blood, are considered. It appears that specific, 
separate mechanisms exist that deal with the arrest of mo- 
bile leukocytes, their secure attachment to the endothelial 
surface, and finally their passage between surface ECs 
into the interstitium. These inflammatory processes and 
others leading to thrombosis or immune recognition are 
controlled by specific cytokines with both facilitatory and 
inhibitory actions. 

Tumor necrosis factor-a and interleukin-1 

TNF-a and IL-1 are proinflammatory cytokines with ef- 
fects on multiple biological systems. Both act on ECs, 
most often with a similar outcome; thus, they are consid- 
ered together, but mention will be made of each individu- 
ally when their effects differ. 

IL-1 is a 17-kd peptide with two biologically active 
forms, IL-la and IL-10 (149). TNF-a is a trimer of three 
17-kd subunits. Its main source is the monocyte-macro- 
phage when it is stimulated by lipopolysaccharide (LPS) 
IL-1, IFN-cc, IFN-Tf, OR GM-CSF (150). The mast cell may 
be another important source of TNF-a in vivo (151). Pe- 
ripheral blood lymphocytes, natural killer (NK) cells, and 



polymorphs produce a relatively small amount of TNF-a 
(150). VSMCs adjacent to the endothelium express TNF- 
a mRNA and protein on exposure to inflammatory sig- 
nals, and this process is superinduced by protein synthe- 
sis inhibitors (152). Sources of IL-1 are extensive and 
include blood monocytes, neutrophils, T and B lympho- 
cytes, tissue macrophages, VSMCs, and ECs. The most 
common stimulus for IL-1 transcription is endotoxin 
(149). 

In general, TNF-a promotes selective cytotoxicity and 
catabolism. There are changes in ECM through induction 
of collagenases, which lead to bone resorption, and of 
plasminogen activator, which leads to angiogenesis (153) 
On blood cells, TNF-a and IL-1 have a proinflammatory 
effect. Neutrophils and monocytes gain an increased ca- 
pacity for phagocytosis, antibody-dependent cellular cy- 
totoxicity, degranulation, and production of reactive oxy- 
gen species. T cells express more IL-2 receptor and major 
histocompatibility complex (MHC) class II antigens 
They achieve a greater proliferative potential in synergy 
with IL-2, and they produce more IFN-y. B cells also aug- 
ment their proliferation, differentiation, and production 
of antibodies (149,150). The general proinflammatory ef- 
fects of these cytokines, however, also depend on their 
endothelial functions, as well as on these leukocyte 
changes. 

COAGULATION: TNF-a and IL-1 regulate the coag- 
ulation system through actions on the endothelium Pro- 
coagulant activity of ECs is induced (3,154). The produc- 
tion of thrombomodulin, a surface glycoprotein on ECs 
that controls intravascular coagulation cascades through 
interactions with proteins C and S, is suppressed 
(154,155). Arachidonate metabolism is activated; in par- 
ticular, prostacyclin synthesis in cultured vascular ECs is 
induced (156). TNF-a induces expression of an EC plas- 
minogen activator inhibitor (157-159). Effects on plas- 
minogen activator are recognized, but both increases and 
decreases have been reported (153,157). In patients 
treated with recombinant human TNF-a in a Phase I can- 
cer trial, induction of endothelial-derived tissue-type 
plasminogen activator, recognized by the presence of fi- 
brin degradation products in plasma, occurred within one 
hour of the initiation of TNF-a (160). 

The surface of TNF-a-activated ECs elicits a hemo- 
static response when exposed to flowing nonanticoagu- 
lated blood. Tissue factor is expressed, and deposition of 
fibrin, platelet aggregates, and leukocytes follows; in an 
experimental model, 63% of the EC surface became cov- 
ered. Resting ECs, in contrast, show no or little fibrin, 
platelet, and leukocyte deposition. The addition of anti- 
bodies against tissue factor to TNF-a-activated ECs abro- 
gates fibrin and platelet deposition, but it allows leuko- 
cyte adherence to occur to the same extent. Thus, the 
endothelial effects of TNF-a on hemostasis and leukocyte 
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capture involve related but dissociated mechanisms 
(161). 

ADHESION: TNF-a and IL-l increase the adhesive- 
ness of endothelium for bloodstream leukocytes by an 
EC-specific mechanism (162). They also modulate the in- 
teractions between adjoining ECs. This process involves 
induction, up-regulated expression, or activation of mol- 
ecules on the endothelial surface, which interact with 
ligands on leukocytes and ECs. The main groups of such 
regulated adhesins are the selectins, the L-selectin 
ligands, the immunoglobulin superfamily, and the in- 
tegrins. 

Selectins: E-selectin (ES; EUVM-1) and P-selectin (PS; 
GMP-140; CD62) are endothelial, lectin-bearing glyco- 
proteins that mediate the initial contacts between leuko- 
cyte and endothelium as leukocytes move away from the 
axial bloodstream and roll over the endothelial surface, 
prior to their firm attachment (163-165). Their leukocyte 
ligands are sialylated, fucosylated oligosaccharides (166). 

ES is found in low to undetectable quantities on resting 
ECs in vitro and in vivo. Both IL-l and TNF-a induce ES 
mRNA and protein synthesis. Surface expression in vitro 
reaches a maximal level at 4 hours, after which it declines 
to background by 24 hours, despite the continued pres- 
ence of the agonists (167-170). Mast-cell degranulation 
leads to the display of ES on adjacent ECs in vivo. Antise- 
rum to TNF-a abrogates this potentially important path- 
way of induction (151). Surface ES is lost by internaliza- 
tion and external release, processes not known to be 
controlled by cytokines (171). The rate of internalization 
of ES is comparatively higher than that of intercellular ad- 
hesion molecule (ICAM)-I; therefore, its pro-adhesive ef- 
fects may be relatively acute (1.7% of membrane-bound 
ES/min vs < 0.1% of membrane-bound ICAM-l/minute) 
(172,173). 

PS is expressed in varying levels on resting ECs, which 
maintain a large stock of PS in cytoplasmic granules 
(Weibel-Palade bodies). This store is rapidly transferred 
to the EC membrane in response to histamine and throm- 
bin, but expression is brief, and its functional aspect is 
lost within 30 minutes (174,175). PS is inducible by TNF 
in mouse and bovine ECs at both mRNA and cell surface 
protein levels. The PS protein increase is 2- to 4-fold, and 
it is maximal at 3 to 4 hours (176). 

L-Selectin Ligands: CD34 is a highly glycosylated, 
negatively charged, sialomucin-like transmembrane mol- 
ecule better known for its presence on I lematopoietic pro- 
genitor cells, .which has recently been recognized as an 
endothelial ligand for L-selectin (LS; LAM-1; LECAM-1), 
the leukocyte adhesion molecule (177,178). It has a 
broad EC distribution, including high endothelial ven- 
ules, but it is absent from most large vessels and placental 
sinuses (178). The function of CD34 is likely to be con- 



trolled by differential vessel-specific glycosylation, as well 
as translocation to and oligomerization at the EC surface. 
Vessel-specific glycosylation may explain why leukocytes 
only adhere to postcapillary venules, even though CD34 
appears to be expressed on capillaries and venules (162). 
TNF-a, IL-1(3, and IFN-yhave been reported to decrease 
the expression of CD34 on cultured ECs (179). 

Glycam-1 (or Sgp50) is a 50-kd, mucin-like glycopro- 
tein that also serves as an LS ligand. U is restricted, how- 
ever, to lymph node high endothelial venules, and it is not 
known to be influenced by cytokines (180). Both CD34 
and Glycam-1 were characterized by precipitation with a 
chimeric molecule containing the extracellular domain of 
mouse LS and human immunoglobulin. 

A third endothelial ligand for LS must be proposed on 
the basis of older evidence describing an antigen on 
HUVECs that is optimally induced by TNF-a and IL-ip, 
but also to a lesser extent by IFN-yand IL-4 (181). This 
ligand is a neuraminidase-sensitive molecule, which im- 
plies that it bears sialic acid, as do CD34 and Glycam-1. It 
is expressed between 2 and 4 hours after HUVEC stimu- 
lation, and it persists for at least 24 hours (181). Its induc- 
tion by cytokines is thus unlike CD34, and its distribution 
is wider than that known for Glycam-1. 

Soluble LS is shed from the surface of leukocytes after 
their stimulation by cytokines such as TNF-a. Soluble LS 
inhibits LS-specific attachment of lymphocytes to TNF-a- 
activated ECs (182). Fluid-phase PS also inhibits adhe- 
sion of TNF-a-activated neutrophils to resting ECs, 
through inhibition of a CD18-dependent process. The 
control of soluble PS production is not currently under- 
stood (183). 

. Immunoglobulin Superfamily Endothelial Ad- 
hesins: Intercellular adhesion molecule- 1 and -2 (ICAM- 
1; 2), vascular cell adhesion molecule- 1 (VCAM-1), and 
platelet endothelial cell adhesion molecule- 1 (PECAM-1; 
CD31) are members of the immunoglobulin superfamily. 
1CAM-1, and ICAM-2 and VCAM-1 interact with leuko- 
cyte p2 and pi integrins respectively, to serve a shear- 
resistant adhesion between ECs and leukocytes, which fol- 
lows and stabilizes the rolling attachment initiated by the 
selectins (148). 1CAM-1, the ligand for CDlla-CDllb/ 
CD 18, is constitu lively expressed on ECs. TNF-a or IL-l 
increase its expression, with a plateau at 24 to 72 hours 
(169). ICAM-2 is also constitutively expressed on ECs, 
but it is not subject to regulation (184). 

VCAM-1 expression is absent on resting ECs. TNF-a 
or IL-l induce it within 2 hours (peak, 12-24 hours), and 
levels substantially higher than baseline persist for at least 
72 hours (185,186). There are two isoforms of VCAM-1 
with 6 and 7 Ig-like domains and subtlely different bind- 
ing characteristics (187). The former is expressed earlier 
than the latter, which then becomes the main EC isoform. 
VSMCs are normally devoid of adhesion proteins in vivo, 
and they express only small amounts of VCAM-1 in cul- 
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ture. TNF-a and IL-1 induce human saphenous vein 
SMCs to express VCAM-1 (Gamble JR, et al., unpublished 
observations). 

PECAM-1 is constitutively expressed in a homoge- 
neous pattern on EC membranes in vivo, but it concen- 
trates predominately at points of cell-to-cell contact on 
cultured ECs (188,189). It appears to have a role in EC- 
to-EC contacts and in leukocyte transmigration through 
the intercellular junctions of ECs (190). Using tissue 
specimens from breast, skin, stomach, colon, uterine cer- 
vix, endometrium, myometrium, and bronchus incubated 
with TNF-a for up to 6 hours, as well as a dermal ragweed 
antigen injection model, loffreda and colleagues (191) 
showed that TNF-a leads to a redistribution of PECAM-1 
from its original uniform pattern on EC surfaces to one 
localized to areas of contact between adjacent ECs (191). 
Thus, TNF-a-stimulated molecules, ES and PECAM-1, 
may sequentially enhance leukocyte-EC binding in 
postcapillary venules, direct adherent cells to sites most 
conducive to transvascular diapedesis, and lead to trans- 
migration. 

Integrins: ECs express a number of integrins believed 
to function as interendothelial adhesins or as ECM recep- 
tors. TNF-a and IFN-y decrease EC (33 integrins, and they 
induce alpl. The al(il integrin is normally absent from 
HUVECs, but is present on capillary ECs. The laminin re- 
ceptor a6pl is strongly decreased by TNF-a or IL-ip, 
whereas a2pl, a3pi, and a5pl are not altered. Laminin 
adhesion by ECs is consequently decreased (192). 

MAJOR HISTOCOMPATIBILITY COMPLEX 
GENES: Class I MHC is expressed on ECs, but at a level 
relatively lower than that on macrophages or lympho- 
cytes. This expression is increased 2- to 4- fold over 24 
hours by TNF-a (but not by IL-1) through an increase in 
transcription. There is a synergistic elevation in class 1 an- 
tigen with IFN-y or lFN-(3, without any alteration in TNF 
receptor number due to a multiplicative increase in tran- 
scriptional rate (193,194). Synthesis and expression of 
transporter in antigen processing- 1 (TAP-1), an MHC-en- 
coded gene product that is required for efficient associa- 
tion of intracellular peptide antigen with nascent human 
leukocyte antigen (HLA) class I H-chain and P2- 
microglobulin, are increased in human ECs by TNF-a, 
IFN-P, or IFN-y (195). TNF-a does not induce class II 
expression de novo in human ECs (193), and neither 
TNF-a nor IL-1 alters MHC on VSMCs (196). TNF-a 
thus allows ECs to present class l-restricted antigens to T 
cells, which may propagate the inflammatory response. 

ENDOTHELIAL PERMEABILITY TO MACRO- 
MOLECULES: The permeability of endothelial surfaces 
to macromolecules such as albumin is an important fea- 
ture of edematous processes. TNF-a, IL-1, and IFN-y in- 
crease EC monolayer permeability to albumin in vitro, 



and this effect is augmented by combining these 
cytokines (197,198). The ECs undergo parallel changes 
in morphology, from cobblestone to elongated cells, with 
formation of prominent intercellular gaps and actin stress 
fibers. There is an accompanying loss of fibronectin and 
remodeling of the ECM (199). ECs from different sites 
show varying susceptibility to this change: HUVECs re- 
quire prolonged exposures of 72 hours, whereas bovine 
ECs demonstrate a change within 1 to 3 hours after expo- 
sure (198,200). 

Endothelial glycosaminoglycans (GAGs) are impor- 
tant in regulating vascular permeability as well as cell in- 
teractions with soluble factors and resistance to thrombo- 
sis. IL-1 and TNF-a alter GAG metabolism in cultured 
HUVECs, causing a marked increase in culture superna- 
tant GAGs and a decrease in cell-associated GAGs that is 
detectable after 12 to 48 hours of coincubation. There is a 
concomitant increase in GAG synthesis. Histochemically, 
these changes are associated with marked reduction and 
redistribution of endothelial surface anionic sites. Such 
changes may contribute to the disturbances of vascular 
endothelial homeostasis associated with inflammatory 
states (201). 

LEUKOCYTE TRANSMIGRATION: HUVECs in- 
cubated with TNF-a or IL-1 for 4 hours do not display 
morphological changes or increased albumin permeabil- 
ity, but they do show an increase in leukocyte transmigra- 
tion (202). Migration occurs across EC junctions, and it is 
dependent on the ECs being biosynthetically active. Neu- 
trophils are polarized but not degranulated, and there are 
no signs of ECM lysis. Because the number of traversing 
neutrophils is no greater when cytokine stimulation is 
joined by a chemo tactic gradient in some systems, it is 
suggested that both operate through this mechanism 
(203-205). 

Conditioned media of TNF-a- or IL-1— stimulated ECs 
induce transmigration of neutrophils when added to the 
basal EC compartment. IFN-y, IL-2, PDGF, and platelet- 
activating factor (PAF) are unable to mimic this effect. 
Antisera to IL-6, G-CSF, and GM-CSF, all products of 
stimulated ECs, do not diminish the chemotactic activity 
of the conditioned medium. IL-8, a member of the 
chemokine family, is present in this conditioned medium 
(206), and it acts as a chemoattractant for granulocytes. 
Other products of activated ECs, such as macrophage in- 
flammatory protein- 1 (MIP-1) and monocyte chemotactic 
protein- 1 (MCP-1), are selective for lymphocyte and 
monocyte chemotaxis. Adhesion to ECs and transmigra- 
tion through EC monolayers by leukocytes are thus both 
facilitated by TNF-a or IL-1 in separate, sequential pro- 
cesses (204). 

EFFECTS ON CYTOKINE PRODUCTION: TNF- 
a and IL-1 foster EC production of a number of cytokines 
that often have proinflammatory actions (e.g., IL-1 itself) 
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(106,207), the chemokines (207), and G-CSF and GM- 
CSF (208,209). They mediate the release of PDGF from 
cultured ECs, and they augment IL-6 secretion (106, 
210-212). IL-1 increases EC production of ET-1 (116). 

Synthesis and release of the signaling phospholipid 
PAF is stimulated by TNF-a or IL-la treatment of ECs 
(213). Such ECs support adhesion of neutrophils that are 
unactivated and do not adhere to plastic^ suggesting that 
PAF may be a proadhesion signal from ECs to neutro- 
phils. Although PAF antagonists inhibit adhesion, the 
time course for adhesion and PAF production are not 
strictly concordant. Acetyl coenzyme A raises PAF levels, 
but it has no effect on adhesion, and although both IL-la 
and IL-lp stimulate adhesion, only the former results in 
PAF production (214). 

TNF-a also decreases expression of endothelial anti- 
gens. Westphal and associates (215) reported a monoclo- 
nal antibody recognizing a 180-kd molecule expressed on 
the EC luminal surface, which is down- regulated by TNF- 
a and is possibly endoglin, a TGF-p-binding cell surface 
protein. 

EFFECTS ON LIPOPROTEIN METABOLISM: 
TNF-a or IL-1 increase low density lipoprotein (LDL) re- 
ceptor expression on microvascular ECs in culture. There 
is a parallel increase in internalization and degradation of 
LDL (216). Because ECs oxidize LDLs, and because LDLs 
are atherogenic, cytokines produced by adherent mono- 
cytes found in early atherosclerosis may facilitate this 
pathological process. 

INTRACELLULAR SIGNALING 

TNF-a Receptors: TNF-a acts on cells via two recep- 
tors, p55 and p75, which are partially homologous in 
their extracellular domains, but lack any intracytoplasmic 
similarity. The role of these two moieties is still contro- 
versial, and it varies with the analytical method (217). 
ECs possess both receptors (218). Using TNF-a mutants 
with preferential binding to either p55 or p75, Barbara 
and colleagues (219) showed that the p55 receptor is nec- 
essary for induction of ES, neutrophil transmigration 
across EC monolayers, and EC IL-8 secretion. The p75 
receptor only facilitates an increase in the potency of TNF 
(219,220). N-terminal amino acids of TNF-a are also crit- 
ical for both receptor binding and biological activity on 
ECs (221). 

POSTRECEPTOR Pathways: TNF-a increases EC mono- 
layer permeability via a G-protein intermediary (200), but 
activators of the stimulatory or inhibitory guanine nucle- 
otide-dependent binding proteins do not affect TNF-a- 
induced surface expression of ES or VCAM-1 (222). 

There is partial evidence of protein kinase C and A 
(PKC, PKA) involvement in the induction of ES expres- 



sion and IL-6 production. PMA and forskolin, both ago- 
nists of these respective protein kinases, can mediate 
these effects, and appropriate kinase inhibitors impede 
them. These kinase inhibitors, however, do not block the 
effects of TNF-a, and other cyclic adenosine monophos- 
phate agonists are not effective (193,222). 

Absence of PKC translocation from cytosol to the 
plasma or nuclear membrane particulate fractions of 
HUVECs after TNF-a exposure, has argued against a sig- 
nificant PKC-mediated pathway for the actions of TNF-a. 
The p-l PKC isozyme, however, becomes activated with- 
out translocation, and it is sufficient for expression of ES 
and VCAM-1. This evidence from Harlan's group (223) 
suggests that PKC may mediate some effects of TNF-a. 
PKC is also strongly implicated in TNF-a induction of tis- 
sue plasminogen activator, because this substance is in- 
terdicted by the PKC inhibitors, H7 and staurosporine, 
and it is stimulated by 4P phorbol, 12 myristate, 13 ace- 
tate (PMAs) (153). 

IL-iP-mediated endothelial cell phospholipase A2 ac- 
tivity and prostacyclin synthesis occur via a novel trans- 
ducing pathway that does not involve early activation of 
phospholipase C, phospholipase D, or adenylate cyclase 
(224). * 

Activation of Transcription Factors: TNF-a and 
IL-1 signaling on ECs involves activation of the transcrip- 
tion factors AP-1, NF-kappa B (NF-kB), interferon regula- 
tory factor 1, cAMP response element (CRE), and TRE 
(PMA response element) (193,225). This level of the sig- 
naling pathway offers some explanation for the selective 
endothelial induction of ES. Two proximal ES promoter 
elements, in addition to NF-kB, are essential for cytokine 
induction of ES transcription. One of these elements, 
however; is not endothelial-specific, because it can func- 
tion as a T-cell enhancer, as well as cooperate with NF-kB 
to yield cytokine induction of ES gene transcription in 
ECs (226). DNA methylation of the ES promoter re- 
presses NF-kB transactivation in nonendothelial cells, 
and, in comparison, the ES promoter in ECs is un- 
dermethylated, suggesting that methylation could have a 
role in cell-type-specific expression of this gene (227). 

The cytokine-responsive regions of the VCAM-1 pro- 
moter are functional NF-kB and GATA elements (228). A 
comparison of the transcriptional control of VCAM-1 in 
muscle and ECs is enlightening. Muscle cells display high 
basal VCAM-1 expression that is not cytokine-inducible; 
a position-specific enhancer overrides other promoter el- 
ements. ECs have octamer binding sites that act as silenc- 
ers, thus dampening VCAM-1 expression in unstimulated 
cells. TNF-a overcomes this inhibition through two adja- 
cent NF-kB sites (229). 

NF-kB induction by IL-la, TNF-a, and LPS is inhib- 
ited by I-kappa Ba (IKBa or MAD-3), which sequesters 
NF-kB to the cytoplasm. Cell stimuli, such as TNF-a or 
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PMA, cause rapid degradation of IKBa, thus relieving this 
inhibition and allowing NF-kB to translocate to the nu- 
cleus and transactivate its target genes. Following this 
process, there is a dramatic increase in IKBa rriRNA and 
protein synthesis. Expression of IKBa is also inversely 
regulated by NF-kB in a negative-feedback mechanism: 
NF-kB down-regulates its own activity after transient ac- 
tivation of target genes has been achieved (230,231). 

DISEASE ASSOCIATIONS 

Endothelial Damage: Several diseases are associated 
with elevated serum or tissue levels of TNF-a or IL-1, 
such as idiopathic pulmonary fibrosis (232), systemic 
vasculitis (233,234), rheumatoid arthritis (235), psoriasis 
(236), cerebral malaria (237), and sepsis (238). All these 
disorders have some form of vascular pathology. 

There is ex vivo evidence that supports the role of TNF- 
Ct and IL-1 in EC injury in Kawasaki's disease (KS). KS 
histopathology shows panvasculitis with endothelial ne- 
crosis and lg deposition. Sudden death stemming from 
coronary arteritis is well recognized in this condition. 
Circulating antibodies in patients with KS display com- 
plement-dependent cytotoxic activity against IL-1 or 
TNF-a-inducible EC antigens, but not against resting 
ECs(239). 

In vitro models of endothelial injury also suggest that 
these cytokines may bring about EC damage. After IL-1 
activation, for instance, EC monolayers coincubated with 
unstimulated neutrophils show extensive EC detachment 
and loss of monolayer integrity. This process is mimicked 
by neutrophil elastase exposure, and it is prevented by 
serine protease inhibitors or avoidance of direct EC-neu- 
trophil contact (240). 

Adhesion Molecule Expression in Tissues: Exami- 
nation of the tissue expression of adhesion molecules 
confirms their association with inflammatory diseases, 
and it indirectly implies that TNF-a and IL-1 exhibit 
widespread endothelial activity. 

Normal peripheral lymph node and mucosa-associated 
lymphoid endothelium show no VCAM-1, but they do ex- 
hibit ICAM-1. VCAM-1 is present in follicular centers and 
interfollicular zones. ECs in most other normal tissues ex- 
press little or no VCAM-1, but focal reactivity is seen in 
arterial vasa vasorum, hepatic Kupffer's cells, and some 
renal tubular epithelial cells (241). ES is absent from nor- 
mal capillaries, but it is found on large vessel and umbili- 
cal vein endothelium (242). 

In acute appendicitis or diverticulitis, strong VCAM-1 
and ES staining is seen in ECs of dilated serosal venules. 
Lymphadenitis (sarcoid or toxoplasma!) shows focal 
venular VCAM-1, but there is little or no ES. VCAM-1 
staining is stronger and more widespread in cat-scratch 
lymphadenitis, and ES is also present. In most dermato- 



ses, VCAM-1 and ES show venular endothelial expres- 
sion. Vascular pericytes in inflamed skin may also stain 
for VCAM-1; ECs in the same vessel sometimes stain neg- 
ative. This finding is consistent with our in vitro observa- 
tions of the induction of VCAM-1 staining on VSMCs by 
TNF-a or IL-1. 

VCAM-1 is abundant in the synovitis of rheumatoid 
arthritis. It is present in venules associated with chronic 
inflammatory cell infiltrates and also on hyperplastic sy- 
novial lining cells. ES is also present; it varies in intensity 
according to disease activity, and it is localized to ECs. 
The level of expression of both adhesins is far less in the 
synovium of osteoarthritis, a condition with fewer inflam- 
matory features (241,243). Psoriatic arthritis, usually in- 
distinguishable from rheumatoid disease with regard to 
the degree of clinical inflammatory joint findings, also 
shows less EC ES (244). 

VCAM-1 is expressed on venular ECs in cardiac and 
renal allografts, and its presence correlates with T cell in- 
filtrates (245,246). During rejection of human liver trans- 
plants, there is increased expression of ICAM-1 on target 
structures, such as bile ducts and venous endothelium, as 
well as on lymphocytes infiltrating the graft (247). 

Human coronary arteries and abdominal aortas af- 
fected by diffuse intimal thickening and atheromatous 
plaques show a marked increase in expression of ICAM-1, 
ES, and, to a lesser extent, HLA-DR/DP on ECs adjacent 
to subendothelial infiltrates of T lymphocytes and macro- 
phages. This effect contrasts with lower or absent expres- 
sion of these markers at sites without prominent inflam- 
matory cell infiltrates, and it suggests that cytokines 
produced by these subintimal infiltrates may activate the 
endothelium in a manner similar to that observed in the 
micro vasculature at sites of immune inflammation (248). 

In Vivo Actions: Subcutaneous injections of TNF-a 
in baboon skin attempt to stimulate the natural release of 
this cytokine in vivo. These experiments show that ES, 
ICAM-1, and VCAM-1 expression are induced at post- 
capillary sites, which concurs with results seen in cul- 
tured ECs. Expression of ES at such sites is evident 2 
hours after injection, and it correlates highly with neu- 
trophilic exudates. ICAM-1 and VCAM-1 are seen 24 
to 48 hours after TNF-a exposure, and they corre- 
late with mononuclear infiltration. Such results sup- 
port the hypothesis that selective adhesion molecule ex- 
pression contributes to selective leukocyte extravasation 
(249,250). 

The tissue injury that accompanies hypoxemia and 
reoxygenation has features of the host response in inflam- 
mation, suggesting that cytokines such as IL-1 may act as 
mediators in this setting. Human ECs subjected to hy- 
poxia elaborate IL-1 activity. There is an increase in the 
level of IL-la mRNA, followed by induction of ES and 
enhanced expression of ICAM-1 during reoxygenation. 
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Adherence ofleukocytes is increased 3- to 5-fold, and it is 
partly blocked by antibodies to ES and ICAM-l. Suppres- 
sion of endothelial-derived IL-1, using antibodies to 
1L-Ia, specific, antisense oligonucleotides, or the IL-1 re- 
ceptor antagonist, decreases leukocyte adherence to re- 
oxygenated ECs, thus emphasizing the integral role of IL- 
1 in the adherence phenomenon. 

Mice subjected to hypoxia display increased plasma 
levels of IL-lct, induction of IL-la mRNA in lung, and 
enhanced expression of ICAM-l in pulmonary tissue 
compared with normoxemic control mice. Thus, hypoxia 
is a stimulus that induces EC synthesis and release of IL- 
la, and it may result in an autocrine enhancement of ad- 
hesion molecule expression (251,252). 

Plasmodium /alciparum-infected erythrocytes isolated 
from a patient with severe complicated malaria bound to 
TNF-a-treated human vascular ECs via ES, ICAM-l, and 
VCAM-1. Attachment of infected erythrocytes to blood 
vessel walls is understood to be the primary step in the 
vascular occlusion underlying this disease, in which 
serum TNF-a levels are characteristically high. ES and 
VCAM-1 are expressed on brain microvascular endothe- 
lium of postmortem brain tissue from patients dying of 
cerebral malaria (253). 

A role for IL-1 and ECs in the neuronal mechanisms 
related to P-amy]oid protein deposition in senile plaques 
in patients with Alzheimer's disease is suspected. The pro- 
tein precursor of (J-amyloid is expressed on ECs in senile 
plaques. Its mRNA in human endothelial, neuronal, and 
brain-derived murine ECs increases when these cells are 
exposed to IL-lp (254). 

Pancreatic carcinoma cells are among a group of neo- 
plastic cells that express the ES ligand, sialyl Lewis (a). 
Their attachment to activated ECs is thus regulated by 
cytokines such as 1L-1P and TNF-a, which induce endo- 
thelial ES (255). 

Finally, EC activation by cytokines can also be benefi- 
cial. Congenital toxoplasmosis involves infection of um- 
bilical cord vessels as a major route of transmission. IL-ip 
and TNF-a, in cooperation, inhibit EC replication of T. 
gondii, an obligate intracellular parasite. lFN-y has a sim- 
ilar retardive effect (256). 

Chemokines 



Chemokines are a group of 8- to 1 1-kd proteins produced 
by ECs as well as leukocytes, fibroblasts, and keratino- 
cytes (206,257). Their primary function is chemoattrac- 
tion, but stimulation of leukocyte microbicidal activity 
and ...e respiratory burst become evident at higher con- 
centrations. They are divided into two families on the 
basis of their leukocyte predilection and structure. The 
a-subfamily, exemplified by 1L-8 (neutrophil-activating 
protein- 1), has an amino acid intervening between the 



first two cysteines of its amino terminus (i.e., C-X-C), 
whereas the P-subfamily, exemplified by MCP-1, does not 
(i.e., C-C) (258,259). 

Each chemokine shows some selectivity for a leuko- 
cyte species both in vitro and in vivo. IL-8 acts on neutro- 
phils, although there is also some evidence for T cell and 
eosinophil activity (259-261). MCP-1 is a chemoattract- 
ant for human monocytes (262). MIP-1 attracts activated 
T cells, whereas RANTES (regulated on activation, nor- 
mal T expressed and secreted) acts on unstimulated T 
cells, monocytes, and eosinophils (263-265). Further- 
more, MlP-la acts preferentially on CD8+ lymphocytes, 
whereas MlP-lp attracts CD4+ cells (263). This chemo- 
tactic discrimination, plus that offered by the adhesion 
molecules, provides the means to selectively control ex- 
travasation of each leukocyte subset. 

IL-8 AND NEUTROPHIL TRANSMIGRATION: 
Endothelia treated with IL-1 or TNF-a bring about neu- 
trophil transmigration. This effect appears to be at least 
partly due to stimulation of the endothelium's endoge- 
nous production of IL-8, which acts as a chemoattractant 
if added to the basal EC compartment in an in vitro model 
of the vessel wall (205,206). Antisera to IL-8 markedly 
inhibit neutrophil transmigration across activated EC 
monolayers, and washing the basilar compartment of the 
vessel wall, which depletes IL-8 from the subendothelial 
matrix, also prevents neutrophil invasion unless IL-8 is 
readded (205). IL-8 is less effective in a chemokine tic role 
(i.e., when placed on both sides of the endothelium) 
(202). . 

Given that neutrophils must contact the endothelium 
for transmigration to occur, it is suggested that IL-8 cre- 
ates not only a chemotactic gradient, but also a 
hapto tactic gradient of IL-8 molecules over the EC sur- 
face, along which neutrophils may move (7,204). Consis- 
tent with this proposal, IL-8 binding sites exist on ECs of 
postcapillary and collective venules and small veins, but 
they are not found on arteries or capillaries (266). Immu- 
nohistochemical analysis of IL-lp-stimulated ECs in vivo 
reveals IL-8 in association with both the EC monolayer 
and the underlying interstitium (205). IL-8 may reach 
these sites by diffusion from perivascular tissues or 
through local production by endothelium. A soluble che- 
motactic mechanism alone would be an unlikely method 
for neutrophil transmigration, because soluble IL-8 inhib- 
its neutrophil-endothelial interactions, it leads neutro- 
phils to shed L-selectin (a molecule involved in their pri- 
mary rolling attachment to ECs), and it would be 
continually eroded by virtue of flow dilution (7,267). 

Desensitization of neutrophils to IL-8 confirms the ex- 
istence of another factor involved in the control of trans- 
endothelial migration. The procedure decreases neutro- 
phil transmigration through cytokine-stimulated ECs , 
totally. Desensitization to another chemotactic agent, N- 
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formyl-methionyl-leucyl-phenylalanine (FMLP), creates 
neutrophils that still respond to an IL-8 gradient, suggest- 
ing that the desensitization process does not prevent neu- 
trophil migration. They are, however, inhibited from 
transmigrating across cytokine-stimulated ECs by 74%, 
through a putative second, lL-8-independem pathway 

(268) . TNF-a and IL-8 have additive effects on transmi- 
gration, which further suggests the existence of an IL-8- 
independent mechanism (202). 

Chemotactic desensitization also demonstrates the di- 
chotomy between adhesion and transmigration. Neutro- 
phils desensitized to IL-8 adhere avidly to ECs due to ac- 
tivation of their CDIIb/CD18, but they do not migrate 

(269) . Furthermore, lymphocytes will adhere to TNF-a- 
treated EC monolayers, but they do not migrate through 
them (204). 

IL-8 AND NEUTROPHIL ADHESION: Neutro- 
phils that have established adhesive contact on the endo- 
thelium display activation of their P 2 -integrins, and they 
lack L-selectin (7). Soluble IL-8 also causes nonadherent 
neutrophils to shed L-selectin, and as a result of further, 
as yet uncertain means, it decreases neutrophil-endothe- 
lial interactions (267). Intravenous IL-8 administration to 
nonhuman primates results in granulocytosis and neutro- 
phil margination in lung, liver, and spleen, but no tissue 
infiltration (270). Thus, depending on whether more IL-8 
is bound or free, neutrophils are either stimulated to or 
are inhibited from adhering. 

Because neutrophil contact with cytokine-activated 
endothelium may lead to EC damage, IL-8 steers the in- 
teractions of these two cells through three possible 
courses: (a) diapedesis and transmigration, (b) expulsion 
of granule contents and EC damage, or (c) detachment 
via soluble IL-8 to reenter the circulating pool (240). The 
levels of soluble, intravascular IL-8 at a site of inflamma- 
tion are controlled by the availability of free binding sites, 
blood flow washing away soluble factors, circulating anti- 
bodies to IL-8 (271), and red blood cells, which bind IL-8, 
rendering it incapable of stimulating neutrophils (272). 

MONOKINES: MCP-1, M1P-1, and RANTES are the 
mononuclear cell chemoattractant equivalents of IL-8. 
Their synthesis is induced in ECs by IL-1, TNF-a, LPS, 
and thrombin (273,274). IFN-y also induces MCP-1 
mRNA, but to a lesser extent (274). MCP-1 protein stead- 
ily accumulates from ECs exposed to IL-ip over 48 hours. 
It has chemoattractant properties for monocytes, and it 
can activate monocyte P 2 -integrins (274,275). 

Akin to IL-8, MIP-ip is also present on lymph node 
endothelium in an immobilized form, and thus it is resis- 
tant to loss in the flow of the bloodstream. In vitro immo- 
bilization of MIP-ip on proteoglycans assists the binding 
of T cells to VCAM-1 (276). MIP-lp may therefore con- 
trol not only the chemotaxis of T cells, but also their ad- 



hesion to endothelial VCAM-1. This process is similar to 
IL-8 activation of neutrophil P 2 -integrin, although the 
mechanism of this effect of MIP-ip is unresolved. 

DISEASE ASSOCIATIONS: The chemokines are as- 
sociated with both acute and chronic disease processes.- 
IL-8 appears in the circulation in patients with septic 
shock, endotoxemia, and after IL-1 administration (277). 
Bronchioloalveolar lavage IL-8 levels are higher in pa- 
tients with acute respiratory illnesses in whom the adult 
respiratory distress syndrome subsequently develops 
(278), than in those in whom it does not develop. Acute 
asbestos-induced pleurisy is characterized by an influx of 
neutrophils. Introduction of crocidolite asbestos or TNF- 
0t into the pleural space leads to the appearance of chemo- 
tactic activity for neutrophils, which is inhibited by anti- 
IL-8 and is accompanied by rapid induction of IL-8 
mRNA in mesothelial cells (279). 

Extracts of synovium from joints afflicted by rheuma- 
toid arthritis possess diverse chemotactic activities to 
monocytes, T cells, and neutrophils. mRNA for IL-8, 
MCP, RANTES, and GRO is expressed in synovial fluid 
cells and synovial macrophages and fibroblasts. The che- 
motactic activity can be adsorbed by anti-lL-8 and anti- 
MCP-1 antibodies. MCP-1 levels are significantly higher 
in synovial fluid from patients with rheumatoid arthritis 
than those with osteoarthritis, which is consistent with 
the relative components of inflammation in the two disor- 
ders. The concentration of IL-8 and RANTES mRNA in 
blood is also less than in synovial fluid cells, which is con- 
sistent with the central site of inflammatory activity (280- 
285). 

Circulating antibodies to IL-8 have been demonstrated 
in patients with rheumatoid arthritis; they correlated 
strongly with C-reactive protein, number of arthritic 
joints, and disease activity (271). IL-8 immunostaining is 
also noted on ECs in the minor salivary glands of patients 
with Sjogren's syndrome (286). 

Minimally modified low density lipoprotein (LDL) in- 
duces MCP-1 in human endothelial and smooth muscle 
cells, and a role in atherosclerosis is further suggested by 
expression of MCP-1 mRNA and protein in atheroscle- 
rotic lesions of rabbits, but not from the intima or the 
media of normal animals. MCP-1 can be extracted and hy- 
bridized from lesional foam cells, but not from alveolar 
macrophages, sublesional VSMCs, or normal arteries 
(287,288). 

Interferon-y 



IFN-y is a T-cell product that steers ECs toward a pheno- 
type consistent with chronic inflammation; they express 
class I and II MHC antigens, and they resemble a high 
endothelial venule (289). Its intracellular signaling in- 
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volves phospholipase Dependent triphasic activation of 
PKC (290). 

EFFECTS ON ADHESION MOLECULES: The ef- 
fects of IFN-y on the EC adhesion molecule profile differ 
from those of IL-1 and TNF-a. IFN-y stabilizes the surface 
expression of ES, but it does not induce or prolong its 
period of synthesis (291). It does not increase PS expres- 
sion, but ICAM-1 is up-regulated (169,292). IFN-y has a 
minor part in the induction of the L-selectin ligand com- 
pared with TNF-a and IL-ip (181), but it decreases EC 
expression of CD34, another L-selectin ligand (179). 

IFN-y has not been found to induce VCAM-1 on cul- 
tured ECs (185), but it does lead to a marked up-regula- . 
tion of endothelial and dermal dendritic ceil VCAM-1 
after intradermal injection. In comparison to normal skin, 
in which VCAM-1 is present on perivascular dendritic 
cells and some follicular keratinocytes only, VCAM-1 is 
variably up-regulated on dermal endothelial and dendritic 
cells in allergic contact dermatitis, atopic dermatitis, li- 
chen planus, and psoriasis, all conditions with increased 
local IFN-y (293). 

EFFECTS ON MHC EXPRESSION: Class I MHC 
appears on ECs exposed to IFN-y (169); the ECs then be- 
come antigen-presenting cells for lymphocytes (294). 
IFN-y increases TAP-1 expression, thus permitting as- 
sembly and normal surface expression of the class I MHC 
molecules. Both class I MHC and TAP-1 are synergisti- 
cally increased by combinations of TNF-a with IFN-y 
(196). 

Class II HLA-DR antigens are uniquely induced on 
ECs by IFN-y, they selectively increase the adhesion of 
CD4+ lymphocytes to ECs over other leukocyte popula- 
tions (289,295,296). Serially passaged EC cultures will 
stimulate highly purified peripheral blood CD4+ T cells to 
proliferate if the EC cultures are pretreated with IFN-y to 
induce de novo expression of MHC class II molecules 
(297). T-cell production of IFN-y correlated with the in- 
tensity of EC expression of MHC antigen in a rat model of 
insulitis (298). 

OTHER ENDOTHELIAL EFFECTS: Human re- 
combinant IFN-y increases HUVEC monolayer perme- 
ability to I 1 25 1] -labeled bovine serum albumin in a time- 
and dose-dependent manner. IFN-y and TNF-a or IL-1 
produce an increase in permeability greater than that seen 
with each cytokine alone (299). Migration of lympho- 
cytes through endothelial cell monolayers is also aug- 
mented by an endothelial-specific effect of IFN-y. This 
augmentation affects even prebound lymphocytes: 
therefore affects migration and not just adhesion (300). 
The mechanism is not resolved, although IFN-y increases 
MCP-1 production. 

IFN-y decreases EC (Xvp3-integrin (the vitronectin re- 



ceptor), and it induces alpl (192,301). It decreases EC 
mRNA and protein levels of PDGF and GM-CSF, it in- 
creases IL-1 mRNA, and it weakly induces IL-6 produc- 
tion (106,154,302). 

Hematopoietic CSFs 



IL-3 acts directly on hematopoietic and endothelial cells, 
and it favors their proliferation, as discussed. Pro- 
inflammatory effects of excess levels of CSFs have been 
evident in clinical practice and in animal models 
(303,304), but they have been ascribed to actions on ma- 
ture leukocytes, such as those favoring their adhesion to 
endothelium (305,306) and activation (307-310). ECs 
have been seen as a source of G-CSF, GM-CSF, and 
M-CSF when activated by other cytokines (e.g., IL-1, 
TNF-a, oncostatin-M) (311-313). Modified LDLs pro- 
duce a similar effect, and because M-CSF binds preferen- 
tially to type V collagen (a collagen reported in athero- 
sclerosis), this effect has led to suggestions that CSFs thus 
produced and acting on leukocytes may have a role in 
atherosclerosis (314,315). 

We and others have observed that resting HUVECs ex- 
press mRNA for the a- and P-chains of the IL-3 receptor, 
and that this is a functional mediator of endothelial inter- 
actions with leukocytes (90-92). Previous reports had 
generally concluded that CSFs do not influence these en- 
dothelial properties (e.g., procoagulant activity; produc- 
tion of PAF; expression of ES, PA, or PAI-1) (88,89). Pos- 
itive reports (e.g., G-CSF augmenting ET-1 production 
(316), and GM-CSF and M-CSF weakly increasing endo- 
thelial ICAM-1 expression) (292,317) are controversial in 
light of the absence of demonstrable receptors for these 
cytokines on ECs. 

IL-3, however, induces ES surface expression on rest- 
ing HUVECs, as well as those treated with TNF-a. It sup- 
ports neutrophil and CD4+ lymphocyte adhesion (90,92). 
1L-8 production and neutrophil transmigration across 
TNF-a-activated HUVEC monolayers are also increased 
by IL-3 (90). Thus, at least one CSF clearly alters endo- 
thelial interactions with leukocytes in vitro. 

Transforming growth factor-fi 



TGF-p is a 25-kd dimer that appears to be a vital anti- 
inflammatory factor. Three isoforrns are known in hu- 
mans, but consideration is given in this discussion only to 
TGF-pl. At the cellular level, TGF-p has pleiotropic ef- 
fects on morphogenesis, proliferation, and differentiation 
(318,319). Lin and Lodish (320) categorize its effects as 
(a) interruption of cell cycle in mid-to-late Gl -phase, 
thus preventing induction of DNA synthesis and progres- 
sion into S-phase; (b) induction of ECM and decreased 
synthesis of matrix-degrading proteinases; and (c) modu- 
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lation of the secretion of other growth factors and their 
receptors (320). x 

Endothelium secretes latent TGF-p which undergoes 
activation in heterotypic co-cultures with other cell types 
such as pericytes or VSMCs (18,72). Us production in ad- 
dition appears to be under positive autocrine control and 
is increased by TNF-a and IL-l in a synergistic manner 
(321,322). 

ENDOTHELIAL EFFECTS OF TGF-pl: TGF-P is 
recognized as a fundamental protein given the multifocal 
inflammatory disease seen in mice with targeted deletion 
of the TGF-pl gene. At birth, these animals show no gross 
developmental abnormalities, but approximately 20 days 
later, they succumb to a wasting syndrome accompanied 
by a mixed inflammatory infiltrate, leading to organ fail- 
ure in heart, stomach, liver, lung, pancreas, salivary 
gland, and striated muscle. There are increased numbers 
of neutrophils and monocytes in peripheral blood, and 
analysis of cytokine mRNAs from spleen, liver, and lung 
show increased IFN-y, MlP-la, TNF-a, and IL-lp levels 
(323,324). 

Although the mechanisms behind this pathology are 
not entirely certain and may not be directly applicable to 
humans, experimental data demonstrate that TGF-p neg- 
atively modulates the interactions between human ECs 
and leukocytes therefore contribute to the inflammatory 
homeostasis of the organism. The basal and TNF-oc/lL-1- 
induced adhesiveness of ECs for neutrophils (325), T 
lymphocytes (326), monocytes (Li twin MS, et al., unpub- 
lished observations), and tumor cells (327) are decreased 
by TGF-P . This decrease is accompanied by a reduction in 
the EC surface expression of ES; there is no change in 
VCAM-1 or ICAM-1 (328). Neutrophil transmigration 
across basal and cytokine-stimulated EC monolayers is 
also inhibited by TGF-p, with an accompanying reduc- 
tion in EC 1L-8 secretion (Smith WC, et al., unpublished 
observations) . 

Expression of VCAM-1 on VSMCs in their basal state 
or after TNF-a stimulation is also inhibited by TGF-P. Be- 
cause active TGF-p is produced as a result of coculture of 
VSMCs and ECs, this close cellular association may be re- 
sponsible for the lack of VCAM-1 expression on in situ 
normal VSMCs. Interruption of this contact in atheroma 
and loss of active TGF-P may be important pathogenic 
events (Gamble JR, et al., unpublished observations). 

TGF-p RECEPTORS AND SIGNALING: There are 
three cell surface TGF-P binding proteins, each reported 
to be expressed on ECs (74,329). Type 1 and III receptors 
are thought to capture TGF-p and present it to type 11 re- 
ceptors, which are functional transmembrane serine/thre- 
onine kinases (320,330). In addition, there are a number 
of other binding proteins that exist as soluble forms or in 
the ECM. a 2 -Macroglobulin and p-glycan are believed to 



deliver TGF-P to its signal transduction receptors, 
whereas decorin neutralizes TGF-P (8). The effects of 
TGF-P on ECs, however, may relate more to expression of 
downstream components of the signaling pathway than to 
the type of receptor expressed, because these receptors 
are found even on TGF-p-unresponsive ECs. On other 
cell types, divergent responses are produced despite ex- 
pression of the same receptors (331,332). 

DISEASE ASSOCIATIONS: In several experimental 
animal diseases modeling human illnesses marked by a 
significant inflammatory component, administration of 
TGF-P leads to amelioration of both disease and tissue 
infiltration, in experimental allergic encephalomyelitis 
TGF-P appears to protect against disease relapses. Anti- 
TGF-P antibody increases the incidence and severity of 
relapses, whereas anti-TNF-a antibody decreases them. 
TGF-P treatment does not influence the appearance of 
sensitized cells in peripheral blood and lymph nodes, but 
it does prevent accumulation of T cells in brain and spinal 
cord (333). Similar benefits from TGF-P are claimed in 
myocardial ischemia/reperfusion injury (334,335), as 
well as acute and chronic streptococcal-induced arthritis. 
Histopathological examination of the latter shows re- 
duced inflammatory cell infiltration, pannus formation, 
and joint erosion (336). 

Lipoprotein(a) (Lp[a]) is an LDL-like particle that 
contains apolipoprotein(a), a molecule with homology to 
plasminogen. Epidemiological studies have shown signif- 
icant correlation between blood levels of Lp(a) and coro- 
nary/cerebral vascular disease. Lp(a) inhibits generation 
of TGF-P in cocultures of ECs with VSMCs by competing 
with plasminogen for EC surface binding, thus decreasing 
the EC plasmin-generating activity. This process may lead 
to down-regulation of TGF-P activation, and, because 
TGF-P is an inhibitor of EC proliferation, adhesiveness 
for leukocytes, VSMC migration, and VCAM-1 expres- 
sion, Lp(a) may use this mechanism in the generation of 
atheromatous lesions (337). 

ECs from skin affected by psoriasis show specific unre- 
sponsiveness to the inhibitory effects of TGF-P on base- 
line, IL-1-, and TNF-a-induced increases in lymphocyte 
adhesion, compared with cultured normal dermal micro- 
vascular ECs (338). If this finding reflects only swamping 
of the relatively weak negative signal of TGF-P by other 
more powerful proinflammatory influences, it is still a dem- 
onstration of the finely balanced forces in inflammation. 

Interleukin-4 



IL-4 is a product of T cells, mast cells, and bone marrow 
stroma cells. It has a dominant role in the development of 
undifferentiated T helper (Th) cells into Thl and Th2 
cells, favoring the Th2 phenotype (339). It also inhibits 
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several monocyte functions in vitro, including the respi- 
ratory burst; adhesion to endothelium and 1L-1, TNF-a, 
IL-6, and IL-8 (340-343). 

IL-4 assists endothelial induction of VCAM-1 by IL-1, 
TNF-a, or IFN-y. Expression of basal and cytokine-in- 
duced ES and, to some extent, ICAM-l, is decreased, 
however, and together with TGF-P there is additive inhi- 
bition of ES (328,344,345). Through these changes, IL-4 
increases EC adhesiveness for T cells, eosinophils, and 
basophils, but not for neutrophils, because the former ex- 
press very-late antigen (VLA-4); a ligand for VCAM-1, but 
neutrophils do not (346,347). Furthermore, eosinophils 
(but not neutrophils) from individuals with atopic derma- 
titis migrate through lL-4-pre treated EC monolayers (348). 

Both IL-4 and TNF-a increase intracellular cyclic AMP 
in ECs, but only IL-4 uses this pathway to mediate lym- 
phocyte adhesion. Elevation of cAMP in ECs does not in- 
duce VCAM-1, the only identified adhesion molecule in- 
duced by IL-4, indicating that an increase in cAMP in EC 
promotes an as yet unidentified adhesion pathway (349). 

IL-4 increases resting endothelial MCP-1 production. 
It does not further increase IL-1 or TNF-induced MCP-1 
mRNA, but there is an increase in secreted MCP-1 with 
these factors in combination; therefore, monocytes that 
adhere to the vascular wall by IL-4-induced VCAM-1 
may be uniquely positioned to respond to EC-produced 
MCP-1 (350-352). IL-4 decreases IL-8 production by en- 
dothelium (Smith WB, et aL, unpublished observations), 
which further suggests its activity favors mononuclear 
rather than neutrophil transmigration. 

IL-4 may alone be insufficient to mediate leukocyte ex- 
travasation in vivo. Studies of monocyte morphology after 
adhesion to IL-4-treated, VCAM-1 -bearing endothelium 
show that although there are more adherent monocytes, 
they do not stretch over the surface of ECs, which is 
thought to be a precursor of their transmigration. In con- 
trast, stimulation of ECs with IL-la for 24 hours in- 
creases surface expression of both ICAM-l and VCAM-1, 
enhances binding of monocytes to ECs, and increases the 
percentage of EC-bound monocytes with a stretched mor- 
phology (353). 

IL-4 induces IL-6 production by ECs in synergy with 
IFN-Y, IL-1, and TNF-a (354,355). 

Interleukin-6 



IL-6 is a T-cell cytokine that acts as a B-cell differentiator, 
a plasmacytoma growth factor, and a stimulator of hepatic 
acute-phase reactants. It increases endothelial ICAM-l 
expression (292). IL-6 is produced by ECs stimulated 
with a variety of proinflammatory cytokines, such as IL-1, 
IL-4, TNF, and IFN-y (221,352,356). Exposure of ECs to 
mouse hepatitis virus leads to their production of IL-6 
(357). 



Endothelial monocyte-dctivating polypeptide II 



Endothelial monocyte-activating polypeptide II (EMAP- 
II) is a 22-kd polypeptide purified to homogeneity from 
the conditioned medium of murine fibrosarcoma cells 
based on its ability to induce tissue factor activity in ECs. 
In addition to procoagulant activity, it induces monocyte 
migration, and it is chemotactic for granulocytes. Injec- 
tion into foot pads of mice leads to tissue swelling, with 
neutrophil infiltration (358). 

SUMMARY 



The major functions of the endothelium (i.e., renewal, 
angiogenesis, and interactions with blood components) 
are subject to the influence of many cytokines (Table 7—1) 
that often have overlapping, generally redundant effects, 
but nevertheless a wide spectrum of different actions. 

Redundancy and pleiotropism among cytokines 



Redundancy among these cytokines is well exemplified 
by the control of surface adhesion molecules by TNF-a, 
IL-1, IFN-y, 1L-3, and IL-4, or of EC proliferation by FGF, 
VEGF, SF, IL-3, and TGF-p. For instance, TNF-a, IL-1, 
and IL-4 each encourage interaction of ECs with mono- 
nuclear cells by increasing endothelial expression of 
VCAM-1. TNF-a and IL-1 have the additional capacity to 
induce the display of ES by ECs and, consequently, their 
attachment of neutrophils. In direct contrast, IL-4 de- 
creases ES expression by the endothelium, and it restricts 
its interactions to mononuclear cells and eosinophils. 

Stimulation of angiogenesis by FGF and TGF-p is an- 
other example. Both enhance angiogenesis, but, as de- 
scribed, they appear to have opposite effects on EC divi- 
sion and deposition of ECM. They appear to act in a 
complementary manner as respective initiators and com- 
pleters of this process. Therefore, what appears to be re- 
dundancy is in fact also specificity and complementary 
activity created through the varying actions of diverse 
agents. 

Pleiotropism among the cytokines acting on endothe- 
lium is also evident. TNF-a and TGF-P provide a clear 
example. Amid their many actions on endothelium is, 
however, a consistent pattern. TNF-a is the proinflamma- 
tory agent that encourages coagulation, adhesion, and 
chemokine production, whereas TGF-p prevents these 
changes or acts to restore the status quo. A clear aid in 
defining the understanding of pleiotropic agents, such as 
TGF-P, has been the study of animals with cytokine gene 
deletions. The multiinflammatory disease of TGF-p— defi- 
cient mice now awaits further work to determine to what 
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TABLE 7-1 CYTOKINE ACTIONS ON ENDOTHELIUM 
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extent the endothelial effects of TGF-P contribute to its 
overall phenotype. Transgenic methods have not yet been 
applied to endothelial biology due to the lack of endothe- 
lial-specific promoters. Study of the control of ES tran- 
scription, which is uniquely expressed on endothelium, 
offers hope in this direction. 

Local availability oj cytokines acting 
on endothelium 



The local availability and source of cytokines are key fac- 
tors in their relative importance to endothelium. Acti- 
vated monocytes or lymphocytes, which produce many of 
the cytokines discussed, are generally features of estab- 
lished, chronic inflammation; thus, their cytokine pro- 
duction would not be expected to begin the first endo- 
thelial changes. Mast cells, by virtue of their ubiquity, 
secretory granule storage (i.e., holding TNF-a), and re- 
sponsiveness to neural stimuli, are suspected of being the 
key^ initiating cell. In delayed- type hypersensitivity reac- 
tions in human skin, degranulation of mast cells situated 
about superficial vessels is the first ultras true tural change 
seen; it precedes inflammatory cell accumulation by 16 
hours (151). 

Cytokine availability is influenced by the ECM, which 
may provide binding sites that function as reservoirs or 
aids to receptor interaction (8). The. presence of binding 
sites is clearly important for the chemokines; as bound 
surface molecules, they favor leukocyte haptotaxis, but as 
free molecules, they inhibit leukocyte adhesion to ECs. 
E CM-EC interactions can also trigger the same intracel- 
lular signals evoked by cytokines, and the ECM is another 



area in which endothelial cell biologists will find fertile 
ground. 

Signaling 



Although cytokines are important signals for ECs, other 
means of communication are increasingly being under- 
stood. Molecules assigned one particular function have 
been discovered to have a second signaling function. For 
example, CD31 (PECAM-1) was viewed only as an inter- 
cellular junction molecule with a role in leukocyte trans- 
migration, but its ligation selectively assists interaction 
between the a4pi -integrin found on leukocytes and 
VCAM-1 (359). Mechanical displacements from the 
bloodstream lead to changes in cell biochemistry. Flow or 
shear stress is transduced by ECs into the induction of 
c-fos, PDGF, and activated factor X expression. Circum- 
ferential tensile stress due to blood pressure leads to 
thickening of the vascular wall (360-362). 

The signaling pathways of cytokines, as well as the sig- 
nals that follow ligation of surface molecules or percepti- 
ble displacement of cell membranes, are likely to assume 
increasing importance. The cyclosporine revolution in 
clinical medicine has clearly shown that the pathways for 
intracellular communication are central to an under- 
standing of cytokine actions, and that they are likely to be 
promising sites for clinically oriented interventions. TNF 
receptor-binding mutants with decreased endothelial pro- 
inflammatory actions that retain antitumor properties 
offer the promise of isolating the actions of other pleiotro- 
pic cytokines and potentially applying these findings se- 
lectively to clinical practice (219). 
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Abstract. Human endothelial cells are induced to 
form an anastomosing network of capillary tubes on a 
gel of collagen I in the presence of PMA. We show 
here that the addition of mAbs, AK7, or RMAC11 di- 
rected tn the at chain nf the major collagen receptor 
on endothelial cells, the integrin ty 2 0., enhance the 
number, length, and width of capillary tubes formed 
by endothelial cells derived from umbilical vein or 
neonatal foreskins. The anti-a:/3, antibodies maintained 
the endothelial cells in a rounded morphology and in- 
hibited both their attachment to and proliferation on 
collagen but not on fibronectin, iarninim or gelatin 
matrices. Furthermore, RM AC1 1 promoted tube forma- 
tion in collagen gels of increased density which in the 
absence of RMAC1 1 did not allow tube formation. Nei- . - 
ther RMAC11 or AK7 enhanced capillary formation in 
the absence of PMA. Lumen structure and size were 
also altered by antibody RM AC1 1. In the absence of 
antibody the majority of lumina were formed intra- 



cellular!)' from single cells, but in the presence of 
RMACU. multiple cells were involved and the lumen 
size was correspondingly increased. Endothelial cells 
were also induced lo undergo capillary formation in 
fibrin gels after PMA stimulation. The addition of 
anti-(* v 03 antibodies promoted tube formation in fibrin 
gels and inhibited EC adhesion to and proliferation on 
a fibrinogen matrix. The enhancement of capillary for- 
mation by the anti-integrin antibodies was matrix spe- 
cific; that is, anti-a v j3i antibodies only enhanced tube 
" formation on fibrin gels and not on collagen gels while 
anti-u\/3i antibodies only enhanced tubes on collagen 
and not on fibrin gels. Thus we postulate that changes 
in the adhesive nature of endothelial cells for their ex- 
tracellular matrix can profoundly effect their function. 
Anti-integrin antibodies which inhibit cell-matrix in- 
teractions convert endothelial cells from a proliferative 
phenotype towards differentiation which results in en- 
hanced capillary tube formation. 



New blood vessel formation is an essential event in 
embryogenesis and wound healing. However little 
is known about the steps which induce flat, static en- 
dothelial cells (EC) 1 to undergo differentiation leading to a 
new capillary bed. Recently, a number of in vitro assays have 
been established which are thought to mimic angiogenesis 
and these have provided insight into possible mechanisms. 
EC initially undergo a spatial reorientation towards the an- 
giogenic stimulus, invade and disrupt the extracellular ma- 
trix (ECM) by production of matrix degrading enzymes such 

Please address all correspondence to J. R. Gamble. Hanson Center for Can- 
cer Research, Institute of Medical and Veterinary Science. Frame Road, 
Adelaide, 5000, South Australia. 

1. Abbrniaiions used in this paper. EC, endothelial cells: ECGS, endothe- 
lial cell growth supplement; ECM, extracellular matrix; HUVEC. human 
umbilical vein endothelial cell; MVEC. microvessel EC; nPA. urokinase 
plasminogen activatur. 



as plasminogen activator and collagenase and undergo tube 
formation and extension via EC proliferation (for review see 
Folkman and Handcnschild, 1980; Folkman, 1986). Thus, 
measurement of EC realignment, enzyme secretion. and cell 
proliferation are taken as indicators of EC differentiation and 
tube formation. Using such assays, it is clear that a number 
of factors including basic fibroblast growth factor, TGF-0, 
and tumor necrosis factor (Folkman and Klagsbrun, 1987) 
(termed angiogenic factors), can stimulate angiogenesis. In 
addition to the requirement for an angiogenic factor, in vitro 
capillary formation is also dependent on the correct matrix. 
Endothelial cells, plated on a two-dimensional matrix of 
ECM proteins or on plastic, form capillary tubes slowly (2-3 
wk) (Kubota et al., 1988; Iruela-Arispe et aL, 1991). How- 
ever, when plated onto a gel of the ECM proteins, tubes form 
within 24 h (Kubota et al., 1988). Isolated components of 
the ECM, such as collagen or fibrinogen, when gelled are 
also able to induce the formation of capillary tubes (Monte- 
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sano el al., 1985). In collagen and fibrin gels the process of 
capillary formation is enhanced by the activation of the EC 
with the tumor promoter, PMA (Montesano and Orci, 1985; 
Montesano et al., 1987). Thus, even in the presence of an 
angiogenic factor, and a permissive milieu, an additional sig- 
nal is required and this can be provided by PMA. 

Cell surface molecules mediating adhesion to either 
neighboring cells or to substrates are likely to play a key role 
in angiogcncsis. The integrins are a family of cell surface 
molecules which mediate the attachment of cells to the ECM 
and to other cells. At least 19 different cell -surface aj3 het- 
erodimers have been identified, some of which mediate 
adhesion to ECM proteins such as laminin, collagen, 
fibrinogen, and fibronectin (Ruoslahti and Pierschbacher, 
1987; Hynes, 1987; Albelda and Buck, 1990). EC express 
five of the six 0 { integrins (cyi/3,, a?/3i, otjjSi, a 5 j3,, arid aSO 
although there is some heterogeneity in the level of expres- 
sion depending on the source of the EC (Dcfilippi et al., 
1991a). The major collagen receptor on EC is a 2 /3, (Al- 
belda et al.. 1989; Languino et al., 1989) which can also 
mediate binding to laminin (Kramer et al., 1990). EC also 
express ot& which mediates adhesion to fibrinogen (Al- 
belda etaL, 1989; Cheresh and Spiro, 1987) as well as lami- 
nin (Kramer et al., 1990) and vitronectin (Cheresh and 
Spiro, 1987). 

We describe here for the first time that anti-integrin anti- 
bodies directed to the receptors mediating attachment to the 
tube-permissive matrices of collagen I and fibrin enhance 
capillary formation as measured by tube number, length, and 
thickness. Anti-integrin antibodies enhance tube thickness 
by increasing the number of cells involved in lumen forma- 
tion. These results suggest that capillary tube formation is 
dependent on the interaction of EC with the ECM and that 
restriction of specific cell-matrix interactions can enhance 
the extent of capillary formation. 

Materials and Methods 
Endothelial Cells 

Human umbilical vein endothelial cells (Huvec) were isolated by col- 
lagenase treatment as described (Wall et al!, 1978). The cells were cultured 
in 25 cm 2 gelatin (Eastman Kodak Co.. Rochester, NY)-coated flasks 
(Coslar Corp., Cambridge, MA) in Ml 99 wiih Earles Salts. 20 mM Hepes, 
20% FCS (Cytosystems. Sydney), sodium bicarbonate, 2 mM glutamine, 
nonessential amino acids, sodium pyruvate, fungizone, penicillin, and gen- 
tamycin (HUVEC medium). Cells were grown at 37 °C. 5% CO?. Within 
2-4 d the HUVEC formed a confluent monolayer and were then harvested 
by trypsin- EDTA treatment and transferred to a 75 -cm 2 gel a tin -coaled 
flask. 50 jtg/mJ of endothelial cell growth supplement (ECGS. Collabora- 
tive Research. Bedford, MA) and 50 /ig/ml of heparin (Sigma Chem. Co.. 
St. Louis. MO) were added. Cells were passaged (1-2 split) every 3-4 d, 
and were used between passage 2 and 6. Microvcssel EC (MVEC) were pre- 
pared from neonatal foreskins according to the method of Marks et al. 
(1985). Cells were frozen in liquid nitrogen at 1-2 x I0*7vial at passage 
2-6 and thawed as required. Cells were grown to confluence before use. 
Medium for growth and maintenance of these EC was Ml 99 with Earles 
Salts. 25 mM Hepes, 50% human serum, sodium bicarbonate. 2 mM gluta- 
mine. fungizone, penicillin, streptomycin, 3.3 x 10~* M cAMP, ECGS 
(50 jig/ml), and heparin (50 Mg/rnJ) 

Collagen Gel Capillary Assay 

Bovine Type I collagen (Celtrix Laboratories, Palo Alto. CA) gel was pre- 
pared by simultaneously raising the pH and the ionic strength of a collagen 
solution, using a modification (Greenburg and Hay. 1982) of the original 



method described by Elsdale and Bard (1972). Seven volumes of ice cold 
collagen solution (3 nig/ml) was mixed with 1 vol of 1 Ox concentrated PBS. 
pH 7.4, ;jnrl 2 vol of sodium bicarbonate (1 1.76 mg/mi) on ice. One hundred 
/il of the rnix'ure was aliquoted into 96 well Hat-bottomed microliter trays 
(Nunc. Roskilde. Denmark) and allowed to gel for 10-20 min at 37 °C. For 
nuire rigid collagen gels, the mixture was allowed to gel for at least I h 
at 37 W C. After gel formation. EC. which were removed from confluent 
monolayers by trypsin treatment, were plated down onto the gel at a concen- 
tration of 6.4 x \(f cells/160 /il in HUVEC or MVEC medium with 
ECGS and heparin. As indicated 20 ng/ml PMA (Sigma Chem. Co.) was 
added to some wells. In some assays, as indicated, cells together with PMA 
were re«;uspended in the collagen before gelling (modification of method by 
Madri et al.. 1988). 

Fibrin Gel Capillary Assay 

Three dimensional fibrin gels were prepared as previously described by 
Montesano et al. (1985). One hundred til of plasminogen free fibrinogen. 
3 mg/ml in PBS (Sigma Chem. Co.) was placed into 96 well flat-bottomed 
microliter wells (Nunc) and clotted by the addition of 2 /il of 1 Ll/ml throm- 
bin (Parke Davis Pty Ltd.. Adelaide, Australia) in PBS. The mixture was 
allowed to gel for ~2 min at 37°C before addition of EC. Cell numbers and 
conditions were ihe same as that described for the collagen gel assay. 

Quantification of Capillary Formation 

Tube formation was assessed at several different focal plains through the gel. 
The extent of capillar)' tube formation was judged in relation to the amount 
of EC monolayer and to the number, width, and length of the tubes formed. 
Based on these criteria values from + to + + + + were assigned. Tube for- 
mation was also quantified from high power photographs. At least two pho- 
tographs from random fields from each microliter well (duplicate wells 
were set up for each group) were taken. Areas of the well were avoided 
where the meniscus gave a distortion of ihe optics. We defined tubes as 
straight cellular extensions joining iwo cell masses or branch points. The 
minimum width of tubes was measured and is given as the width. From the 
photographs, counts were made of the number, length, and width of tubes. 

Proliferation Assay 

The mitogenic response of EC to different stimuli was measured using a 
spectrophotometry assay (Oliver et al.. 1989). Cells (5 x 10*) were 
plated onto matrix-coated flat-bottomed microliter trays (Nunc), 150 
^I/well in HUVEC medium either with or without ECGS, and heparin. Af- 
ter 3 d. medium was removed and the cells fixed in 10% formal saline for 
30 nun. One hundred al of methylene blue {]% wt/vol. in 0.01 M borate 
buffer, pH 8.5) was then added to each well, incubated for 30 min, the stain 
flicked off, and the cells washed 3-4 limes in borate buffer. The dye was 
released by addition of ethanol, 0.1 M HC1 solution (1:1) with a brief shak- 
ing. The optical density at 630 nm (OD630 nm) was then determined. The 
percentage proliferation was calculated based on the OD630 of the no anti- 
body control group normalized lo 100%. Experiments showed that there 
was a linear relationship between the OD630 nm and the increase in cell 
number and that as low as lO 1 cells/well could be detected; Similar results 
were obtained using the methylene blue assay and the uptake of ( ^thymi- 
dine (data not shown). 

Cell Attachment Assays 

Microliter plates were coaled with either collagen I (50 ng/ml). gelatin 
(1%). or fibronectin (100 ^g/ml) for 30 min at room temperature. Fibrin- 
coated microti ter wells were formed by thrombin treatment (1 U/nil) of 
fibrinogen which had been previously added to wells. Wells were washed 
twice with PBS and 5 x 10 3 cells were added per well in 50 pi of HUVE 
medium without FCS. Plates were incubated at 37 9 C for the indicated times 
and cell attachment quantiiatcd using the methylene blue assay (as outline 
above). 

Collagenase Assay 

Measurement of active collagenase was performed according to the method 
of Nethery el al. (1986). Microliter wells were coated with 0.7 mg/ml colla- 
gen I solution (Collaborative Research Inc.). rinsed in water, and air dried. 
Cell supe mat ants were treated with 0.5 mg/ml trypsin at 37 °C followed by 
treatment with soybean trypsin inhibitor (Sigma Chem. Co.) at 5 mg/ml. 



The Journal of Cell Biology. Volume 121. 1993 



932 



Collagenase samples (CLS-l Worthington Biochcm. Corp.. Freehold. NJ) 
were prepared at concentrations from 1 to 1.000 ng/ml in assay buffer (50 
mM tris-HCl, 100 mM NaCl 10 mM CaCI 2 . pH 7.5) and were used to 
generate a standard curve. One hundred p\ of samples and standards were 
then added to the collagen -coaled micro titer wells and incubated for 16 h 
al 37 9 C. The wells were washed and stained using 0.25% Coomassie blue 
R-250 (Biorad Labs.. NSW. Australia) for 25 min at mom temperature. The 
stain was removed, wells washed in water, dried, and the absorbance al 590 
nm determined. The level of collagenase present in the sample was inversely 
proportional to the optical density reading at 590 nm. The level ol detection 
was 10 ng/ml. 

Monoclonal Antibodies 

RMACll hinds the a chain of the cr 2 /3 t integrin complex on endothelial 
cells and fibroblasts and QE2E5 binds the 0i chain (O'Conncl ct al., 1991). 
Prec lea ring and immunoprecipitation experiments show that AK7 also 
recognizes the cr chain of the O20i complex (Mazurov ct al.. 1991). 
RMACll (IgG2a), QE2.E5 (lgG2b), and AK7 (IgGl) were purified from 
ascites fluid using a mAb Trap G Sepharose column (Pharmacia LKB. 
NSW, Australia). Fab: fragments of RMACll were prepared by pepsin 
digestion and Fab fragments by papain digestion of the IgG according to the 
method of Harlow and Lane (1988). P4C10, an lgG t antibody directed 
lo the 0, integrin chain (Carter et al., 1990) was kindly provided by Dr. 
W. G. Carter. Fred Hutchinson Cancer Research Center. Seattle. WA. An- 
other antibody. 61.2C4, has been shown to be directed to the &\ chain 
(Gamble, J. R., and M. A. Vadas, unpublished observations). LM609 
and I3C2, both anti-« v /3i antibodies, were kindly provided by Dr. David 
Cheresh, Scripps. La Jolla, CA and Dr. Michael Honon. Department of 
Haematology. St. Bartholomew's Hospital. London, respectively. 



Analysis by Flow Cytometry 

EC were plated on collagen gels either in the presence or absence of PMA. 
24 h later, cells either as tubes or as a monolayer were extracted by treatment 
of ihe gels for 30 min in 2 ing/ml collagenase al 37 C C. Cells were then 
irypsin-trealed for 5 min lo obtain single cell suspensions. Cells-were 
stained wiih the appropriate antibodies for 30 min at 37°C followed by a 
rabbit anti- mouse -FITC antibody for 30 mm at 4°C Cells were washed 
three times in PBS and diluted in fixative (2 % glucose. 5 mM sodium azide. 
1% formaldehyde) before analysis on an Epics Profile Analyzer. Ten thou- 
sand cells were analyzed. 
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Figure J. Anti-cofr antibodies partially inhibit EC adhesion to 
"collagen I and not to fibronectin. 5 x 10 3 EC in 50 jil of serum- 
free medium were added to microtiter wells which had previously 
been coated with either collagen I {A) or fibronectin (/?). The anti- 
bodies, as indicated, were added at a final concentration of 30 
jxg/ml. The plates were incubated at 37 °C for 2 h, washed, and the 
number of attached cells assessed by the methylene blue assay (as 
outlined under Proliferation Assay in Materials and Methods). The 
results were normalized where 100% adhesion is taken as the 
OD630 nm in wells without antibody. The results show the mean 
of triplicate wells for each group in one experiment representative 
of five similar experiments, p < 0.001 for groups with RM AC1 1 and 
AK7 compared to no antibody group on the collagen I matrix. 



Microscopy 

At 24 h after stimulation with PMA or PMA and RMACI I. culture medium 
was removed from ihe culture wells and replaced with 2% paraformalde- 
hyde. 2.5% glutaraldehyde in sterile PBS (pH 7.4). Cultures were fixed in 
this solution for 12 h al room temperature (20°C). After 12 h, fixative was 
washed out with PBS. al least 10 changes every 10 min, and the cultures 
postfixed for an additional 12 h in IX osmium tetroxide in PBS. The os- 
mium telroxide was washed from the cultures, at leasl 10 changes every 10 
min. Cultures were then dehydrated for three 20-min periods in each of a 
graded series of alcohol (70. 80. 95, and 100% ethanol in twice distilled 
water), and then for 60 min in each of two 100£ ethanol washes. Cultures 
were transferred to vials containing 100% acetone. After three changes of 
acetone, each over I h, cultures were infiltrated overnight with a 1:1 mixture 
of acetone and cpon-araldite. The next day the acetone was allowed to 
evaporate off in a fume hood, cultures were placed in fresh epon-araldite 
for ~6 h, and finally transferred to a mould in a 70°C oven to polymerize 
overnight. All procedures were carried out at room temperature. 

. For light microscopic examination, sections were cut I fim thick with a 
dry glass knife using an LKB ultratome. The sections were mounted on 
glass slides and stained with 1% toluidine blue in 1% borax. Sections were 
examined with a Leitz Orthoplan microscope. When endothelial cells con- 
taining lumens were seen the block was trimmed for thin sectioning (EM). 
For EM. thin sections of silver interference color were cut with a Swiss dia- 
mond knife (Diatome Ltd.. Fort Washington. PA), and picked up on clean 
uncoatcd 200- mesh copper grids. Sections were stained for 5 min with 2% 
uranyl acetate in 50% ethanol, and for 5 min with lead citrate. Micrographs 
were taken on a Philips 410 electron microscope at 80 Kv. Magnifications 
were determined by means of a carbon grating replica. At both the lighl mi- 
croscope level and the electron microscope level, serial seotions up to 30 
each (1 jim thick or silver interference color* were taken f.i establish that 
the lumens were continuous through the endothelial cell. 



Statistics 

Significance was determined by the A NOVA test for analysis of variance or 
by the unpaired t test. 



Results 

Inhibition of Endothelial Cell Adhesion 
by Anti-lntegrin Antibodies 

Adhesion of HUVEC to a collagen ! matrix was inhibited, 
although only partially, by RMACI 1 and AK7 (Fig. 1 A) but 
the antibodies had no effect on HUVEC attachment to 
fibronectin (Fig. 1 B) or gelatin (data not shown). Cells did 
not attach to laminin in the absence of FCS. The antibody 
QE2E5 which binds to the 0, chain had no effect on the at- 
tachment of cells to any of the matrices tested. However, two 
other /3, specific antibodies, P4C10 and 612C4, almost to- 
tally inhibited HUVEC adhesion to collagen (and fibronec- 
tin) (data not shown). 

HUVEC Plated onto Collagen Gels Are Induced to 
Form Capillary Tubes 

EC, when plated onto a gel of collagen are induced to form 
a capillary network within the collagen gel in the presence 
of PMA (Fig. 2, B and C) (Montesano et al., 1983; Mon- 
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Figure 2. EC plated on collagen I gel in the presence of PMA are 
induced to form capillary tubes. 6.4 x I0 4 EC/well in 160 /d of 
HUVEC medium either in the absence (A) or presence (B) of 20 
ng/ml PMA were plated onto a gel of collagen I formed in microli- 
ter wells. The results were visualized 24 h after cell plating. C is 
a high power photograph of group B. Photographs show representa- 
tive fields of one well of duplicate wells set up for each group. Mag- 
nification iA) x60. {B ) X60. and (C) x240. 

tesano and Orci. 1985). Realignment of the EC. cell invasion 
into the gel, and the beginning of cell elongation are evident 
^8 h after plating of the cells onto the gel, and tube forma- 
tion was clearly visible by 12 h. Very little, if any, tube for- 
mation occurs in collagen gels in the absence of PMA or with 
addition of dimethylsulphonic acid, used as a carrier for 
PMA; the cells arc maintained as a monolayer on top of the 
gel and little invasion into the gel is seen (Fig. 2 A). Tube 
formation was highly dependent on the concentration of cells 



plated onto the collagen gel, no tubes being observed with 
less than 1--2 x 1(V cells/well suggesting that cell-cell con- 
tact is important. 

Analysis by EM of EC. 24 h after plating on collagen gels 
with the addition of PMA showed the presence of vacuole- 
like structures similar to those described by Folkman and 
Haudenschild (1980) (Fig. 3 ,4). A continuous membrane 
surrounded each vacuole which was either empty or filled 
with amorphous material. Fusion of these vacuoles with the 
plasma membrane was occasionally observed. Serial sec- 
tioning to >30 jim and visualization at the light microscopy 
level showed a continuous vacuole -I ike structure confirming 
that these were indeed lumina. At least 70% of all cells 
visualized showed vacuolization. Only the occasional lumen 
was formed from multiple cells. 

Effect of Anti-Collagen Receptor Antibodies 
on Capillary Formation 

EC were plated onto collagen gels in the presence of PMA. 
with increasing concentrations of antibodies RMACI 1. AK7. 
and QE2.E5. Capillary formation was assessed 24 h later. 
Fig. 4 A shows the capillary tube formation taking place with 
PMA alone. No change in the extent of tube formation was 
seen with the addition of QE2E5 (Fig. 4 B). However, a 
more extensive capillary network was seen in wells contain- 
ing RMACI 1. The tubes appeared longer and wider, and less 
monolayer was evident (Fig. 4 C). Similar results were ob- 
tained with AK7. P4CI0. and 612C4 and with EC derived 
from neonatal foreskins (data not shown). The enhancement 
of tube formation with RMACI 1 over PMA alone was clearly 
evident in the high power photographs (Fig. 5, A-F). Tube 
number, length, and width were quantified from high power 
photographs and results from four separate experiments 
were analyzed and pooled and are shown in Fig. 6. The anti- 
a 2 /3, antibody RMACI 1 clearly enhanced the length {A). 
width l.ZJ). and number (C) of tubes. 

EM showed that in the presence of RMACI 1, cells were 
seen in larger aggregates suggesting cell-cell adhesion was 
promoted (not shown). Furthermore, larger lumina were evi- 
dent compared to PMA group only, the majority of which 
appeared la be formed from multiple cells as shown in Fig. 
3 B. Intercellular junctions are clearly visible at the EM level 
and by analysis of these junctions the lumen shown in Fig. 
3 B is formed from five FC. Analysis of thin sections (silver 
interface color) taken through gels showed that with PMA 
73 ± 5.7#. (mean ± SEM) of lumina were formed from sin- 
gle cells (i.e.. intracellular lumen. Fig. 3 A). The remaining 
lumina were formed from two or three cells. In contrast, in 
the presence of RMACI 1, 83 ± 7.4% of lumina were formed 
from three or more cells (values were obtained from four 
separate experiments with 50 lumen examined in each group 
in each experiment). Thus the increase in capillary thickness 
appears to be due to the conversion from intracellular to 
multicellular lumina. 

Maximum, levels of tube formation were seen with 30 
jig/ml RMACI I (Table I) but some enhancement over the 
level seen with PMA alone was normally observed with 
3 ng/ml RMACI 1. Tube length, width, and number were as- 
sessed visually through different focal plains of the gel and 
assigned values from + to + + + + . Tube length, width, and 
number were also measured from high power photographs. 
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lion was clearly visible by Y2 h. Very iitrJe, if any. tube for- 
mntlon occurs in collagen gels in the absence of PMA or with 
addition of diinelhyisulphonic acid, used as: a carrier for 
PMA; -he cells arc maintained as a monolayer on top of the 
gel and little invasion into the gel in seen (Fig. 2 .4). Tube 
formation was highly dependent on the concentration of cells 



phiK-d onto the collagen gel. no tubes being observed with 
\*%* than I- 2 x l(V cells.' well suggesting that cell -cell con- 
tact Is huportaru. 

Analysis by EM of EC 24 ti alter plating on collagen gels 
with the addition of PM A showed the presence of vacuole- 
• ike structures similar to those described by Foikman and 
Kaudeasehild ii9K0> (Fig. 3 ,1). a contlrmon* membrane 
sunvm-ded each vacuole which was either empty or ruled 
wuh amorphous material. Fusion of these vacuoles * tth the 
plasma membrane, was occasionally observed. Serial *«:• 
fuming to >30 *<m and visualisation at: the light microscopy 
level showed a continuous vacuo; e« like structure connrming. 
that the-ie >vr;re indeed lufttina. At least 70 SI of cells 
visualized showsxl vacuolization. Only the occasional lumen 
was ibnned from multiple cells. 

Effect of Anti-Galiagen Receptor Antibodies 
on Capillary Formation 

EC were plated onto collagen gels in -he presence of PMA 
with increasing coneentraitons of antibodies RMAC11, AK.7, 
and QfX2.ES. Capillary formation was assessed 24 h later. 
Fig. 4 A shows the capillary tube formation taking place with 
PMA alone. No change in the extent of tube formation was 
seen with Hie addition of QE2E5 ("Fig. 4 Zfi. However, a 
more extensive capillary network was seen In well* contain- 
ing RMAC! 1. The tubas appeared linger and wider, and less 
monolayer was evident {Fig. 4 C). Sum)*- results were ob- 
tained with AK7, P4CJ0. and 612C4 and with EC derived 
from neonatal foreskins (data not shown). The enhancement 
of tube formation with RMACI 1 over PM A alone was dearly 
evident in the high power photograph.? (Fig. S, A~F). Tube 
number, length. and width were quantified from high jfower 
photographs and results from font separate exper-mems 
were analyzed and pooled and are shown in Fig. 6. The ami - 
anybody RMACU clearly enhanced the length (A). 
width imd numbet (C) of tubes. 

EM shs>wcd that :n ihe presence of RMACU, cells were 
seen in larger aggregates suggesting cell-cell adhesion was 
promote tnot shown). Furthermore, larger luruina were evi- 
dent compared to PMA grotip only, the majority oi which 
appeared to be formed front multiple cells as shown in Fig. 
3 i*. Intercellular junctions arc clearly visible at the EM level 
and by analysis of these junction*: the lumen shown in Fig. 
3 /? is formed from five EC. Analysis of thin sections tstlver 
interface color) taken through gels showed that with PMA 
73 5.7 $ (mean ± SEM) of lumina were tbrir-ed from sin- 
gle- cells (i.e.. tiitraeellxdar lumen, Fig. 3 /IV The remaining 
run-inn were formed from two or three cells. In contrast, in 
the presence of RMA.CI L 83 ± 7.4% of lamina were formed 
from three or more cells (value* were obtained from four 
separate experiments with 50 lumen examined in each group 
in each experiment). Thus the increase in capillary thickness 
appears to be due to the conversion from intracellular to 
multicellular lumina. 

•Maximum levels of tube formation were seen with 30 
j*g/mi RMACU t Table I.) but some enhancement over the 
level seen with PM A alone was normally observed with 
> /fg/ml ¥. MAC! L Tube length, width, and number were as- 
sessed visually through different focal plains of the eel and 
assigned values from 4- to Tube length, width, and 

number were also measured from high power photographs. 
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Figure 3. Formation of lumen- 
containing capillaries in colla- 
gen gels. EC in the presence 
of 20 ng/ml PM A {A) or PMA 
and 30 ng/ml RMAC11 (B) 
were plated onto a collagen 
gel. 24 h later the cells were 
fixed, embedded in epon-aral- 
dite, and sectioned for EM. 
Magnification (A) x 7490 and 
(B) X4000. C. collagen; U 
lumen. Numbers 1-5 relate to 
' cell junctions. 



As is seen in Table I, the two assessments for capillary for- 
mation showed a good correlation. Analysis of EC by flow 
cytometry showed that 30 tig/ml of RMAC11 fully saturated 
the a 2 jSi receptor binding sites (data not shown). With 



AK7, an enhancement of tube formation was also seen over 
the concentration range of 3-30 ng/ml However, the ex-' 
tent of enhancement was never as great as that seen with 
RMAC11. 
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Figure 4. Anti-a:/3i antibodies enhance capillary tube formation in 
collagen gels. EC were plated onto collagen gel in the presence of 
20 ng/ml PMA. To group B. QE2E5 was added at plating and to 
group C* RMACl 1 both at a final concentration of 30 /ig/ml. 
Groups were assessed for tube formation 24 h later. Each photo- 
graph shows a representative held taken from one well of duplicate 
wells set up for each group. Similar results have been obtained more 
than 20 times using different EC lines. Magnification x60. 

The effect observed by RMACl 1 and AK7 is unlikely to 
be due to nonspecific effects via Fc receptor mediated events 
since Fab: fragments of RMACU exhibit a similar en- 
hancement of tube formation as the whole Ig (data not 
shown). Furthermore, since Fab' fragments of RMAC1 1 
were also able to enhance tube formation (data not shown), 
cross-linking of the antigen is also not likely to be responsi- 
ble for the enhancement. 

Pretreatment of the HUVEC with RMACl 1 or AK7 for 15 



min either at room teniPrature or 37°C followed by washing 
to remove unbound antibody, did not result in enhanced tube 
formation (data not shown). 

The enhancement of tube formation was dependent on the 
addition of RMACl 1 or AK7 within the first 2 h of cell plat- 
ing. If the antibodies were added after this, no enhancement 
of tube formation was evident (data not shown). 

Angiogenesis can also be induced in collagen gels in the 
presence of PMA by resuspending the cells within the gels 
rather than layering them on top of the gel (Madri et al., 
1988). Pretreatment of EC with PMA and RMACl 1 before 
resuspension within the gel led to enhancement of tube for- 
mation over that seen with PMA alone (data not shown). 
Thus, the anti-o/ 2 /3, antibodies were able to enhance tube 
formation whether the EC contact collagen in a polarized 
fashion or whether the cells are totally surrounded by the 
collagen matrix. 

Anti-a 2 0 t Antibodies Induce Capillary Tube Formation 
in Rigid Gels 

The ability of RMACl 1 and AK7 to enhance capillary tube 
formation was most strikingly evident when EC were plated 
onto rigid collagen gels formed after the collagen was gelled 
tor 1 h at 37°C Even in the presence of PMA, very little, 
if any, tube formation is seen with these rigid gels and the 
cells maintain a flat cobblestone appearance on top of the 
gel. However, the addition of RMACl 1 (or AK7) with PMA 
overcomes the inhibitory effect caused by the rigidity of the 
gel; the cells invade into the gel and capillary tubes and an 
anastomosing network are visible (Fig. 7. A-D) although not 
to the same extent as is normally seen on less rigid gels. 
Measurements of tube numbers from random high power 
fields from five separate experiments on rigid gels each using 
a different HUVEC line were made. The mean tube number 
with PMA alone was 1.0 ± 0.4 (mean ±SEM) and with 
RMACl 1 was 39.2 ± 4.08 (p < 0.0005) clearly demonstrat- 
ing the promotional activity of RMACl I. One possibility for 
the antibodies enhancing the ability of the EC to breakdown 
and invade the gel is by an increase in the synthesis of matrix- 
degrading en2ymes such as collagenase. However, no change 
in the total level of active collagenase was observed either 
in normal gels or in rigid gels. The level of detection of col- 
lagenase by the assay used (see Materials and Methods) was 
10 ng/ml. In a representative experiment, the level of col- 
lagenase induced on collagen gels in the presence of 20 ng/ml 
PMA was 112 ± 5.9 and with PMA and RMACl 1 120 ± 
2.0 (mean ± SEM, n = 3). 

Effect of Anti-oi 2 $ t Antibodies on EC Morphology 

As was shown in Fig. 1, the addition of RMACl I and AK7 
to HUVEC cultured on 2-D substrates of collagen, but not 
on gelatin or fibronectin, resulted in a decrease in the num- 
ber of cells attached when measured 2 h after plating. No 
differences were seen in the number of cells attached when 
measured at 4, 6. or 24 h after plating. On collagen gels, in 
the presence of QE2E5, the cells had become flattened and 
were beginning to adopt their characteristic cobblestone 
morphology (Fig. 8 A) when viewed 2 h after plating. In the 
presence of RMACU (or AK7), cells remained rounded 
(Fig. 8 B) for ~2-3 h after which time they flattened and 
no differences from control wells were seen. 
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Figure 5. High power photographs of capillary tubes formed on collagen gels in the presence of anti-integrin antibodies. EC were plated 
onto collagen gel in microliter wells with 20 ng/ml PMA. A and B show one EC line, C and D another line, and E and F a third line. 
To one group (A, C, and £), 30 ngfm) of QE2E5 was added and to the other group (B, D. and F), 30 /ig/rnl RMACll. All wells were 
incubated for 24 h. Each photograph shows a representative field taken from one well of duplicate wells set up for each group. Magnifica- 
tion X264. 



Anti-a 2 0i Antibodies Inhibit Endothelial 
Cell Proliferation 

Alterations in cell shape can have profound effects on 
proliferation, and EC proliferation is essential for tube ex- 
tension although not required for initial sprouting (Sholley 
et al., 1984; Folkman, 1982). The proliferative response of 
HUVEC in the presence of RMAC1 1 and AK7 was therefore 
measured. A decrease in EC proliferation in the presence of 
RMAC1 1 or AK7 was seen when the cells were plated on a 
2-D matrix of collagen. This was clearly seen with RMAC1 1 



when the assay was performed in the presence of either 20 
(data not shown) or 2% FCS (Fig. 9). AK7, induced a sig- 
nificant level of inhibition only when 2% FCS was used in 
the assays and this level of inhibition was less than that in- 
duced by RMAC1 1. The results in Fig. 9 have been normal- 
ized to the no antibody control. When the actual cell num- 
bers were counted in wells containing 30 /*g/ml QE2E5, 
AK7, or RMACl I the increase in cell numbers was 2.6, 2.0, 
and 1.4-fold, respectively. These results clearly show that the 
ability of antibodies to inhibit proliferation appears to corre- 
late with enhancement of capillary formation. No inhibition 
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of proliferation was seen with either antibody when the cells 
were plated onto fibronectin or gelatin (data not shown). 

PMA Does Not Alter Expression of a 2 &i 
on Endothelial Cells 

One possibility for the effect of anti-a 2 /3, antibodies on cap- 
illary tube formation in collagen gels is that PMA may alter 
the surface expression of the of 2 jSi molecule. To investigate 
this, HUVEC were plated onto collagen-coated microtiter 
wells at numbers to give either a confluent monolayer (that 
is nonpro life rating) or a semiconfluent monolayer (that is to 
give a proliferating population) either in the presence or ab- 
sence of 20 ng/mi PMA. Huvec were also plated onto colla- 
gen gels in the presence or absence of PMA. 24 h later, the 



Table I. Antibody RMACJJ Enhances Capillary Tube 
Formation in a Dose-dependent Manner 

Concentration of Measurement of capillary tubes Capillary tube 



RMACll 
Oig/nU) 


Number/field 


Length i\xm) Widih (jim) 


formation 
( + to -+ + + +) 


0 


7 


43.9 ± 2.4 6.1 ± 0.5 


+ 


0.3 


13 


46.5 ± 3.7 7.6 ± 0.9 




3 


33 


52.6 ± 5.4 11.0 ± 1.6 


+ + + 


10 


50 


81.8 ± 8.0 12.5 ± 0.8 


+ + + 


20 


87 


70.0 ±4.5 11.7 ± 0.9 


+ - + + 


30 


91 


75.4 ± 7.5 1 1.0 ± 0.7 


+ + + + 



EC were plated onto a collagen gel in the presence of 20 ng/ml PMA together 
with varying concentrations of RMAC1 1 . Measurement of the number, length, 
and width of tubes was made from high power photographs taken at random 
from each well, the measurements for length and width are given as mean 
xSEM. The extent of capillary tube formation was also assessed and is given 
as + to + + + + based on the length, width, and number of capillary tubes. 
The results are shown for one experiment which was similar to three per- 
formed, each with a different EC line. 



Figure 6. Effect of RMACll 
on tube length (jim A), width 
(/xrn B), and number (C) per 
high power field. EC were 




plated onto collagen gels in 
the presence of 20 ng/ml PMA. 
30 /ig/ml of RMACll was 
added to half the wells. Each 
group contained duplicate 
wells. 24 h later the wells were 
photographed (magnification 
x264), random fields being 
taken for each well. From these 
photographs, the number, 
length, and width of tubes were 
calculated. The pooled results 
from four separate experiments 
using four different EC lines 
are shown for tube length and 
width (mean ± SEM). Each 
experiment showed a similar 
and significant increase with 
RMACll. In C, the tube num- 
bers for each experiment are 
shown together with the mean 
± SEM (a) for the four exper- 



o J iments. * p < 0.005 compared 

PMA PM A/RMAC1 1 to PMA alone. 

cells were detached from the microtiter wells with trypsin 
or extracted from the gels with collagenase. The cells were 
stained with saturating concentrations of RMACl l followed 
by a fluorescein-conjugated sheep anti-mouse Fab 2 anti- 
body. There was no difference in the mean channel fluores- 
cence between confluent and semiconfluent cells either in the 
presence or absence of PMA, or between tube forming or 
nonforming cells suggesting that PMA within this time 
period did not alter the level of surface expression of a;0, 
on HUVEC. 

Anti-VnR Antibodies Enhance Capillary Formation 
in Fibrin Gels 

Capillary tube formation also takes place in fibrin gels in the 
presence of PMA (Montesano et al. , 1987). Adhesion of EC 
to fibrinogen is mediated through another integrin complex, 
the awft (or vitronectin receptor, VnR). To determine 
whether tube formation in fibrin gels is enhanced in the pres- 
ence of antibodies which limit cell-matrix interactions, we 
used two antibodies (LM609 or 13C2) which are directed to 
the av/3 3 complex and known to inhibit EC-fibrinogen adhe- 
sion (Cheresh and Spiro, 1987 and unpublished data). Fig. 
10 shows that a*0y is also involved in the adhesion of 
HUVEC to fibrin, since anti-a v /33 antibody (LM609) par- 
tially inhibits attachment of HUVEC to fibrin-coated plastic 
(A) but not to collagen (B). Similar results were obtained 
with 13C2 (data not shown). As seen in Fig. 1 1, tube forma- 
tion is enhanced in the presence of LM609 and similarly for 
1 3C2 (data not shown) although the level of tube formation 
was never as large as that seen in collagen with either 
RMACl 1 or AK7. Functional effects with LM609 were ob- 
served with concentrations as low as 3 /ig/ml. In the initial 
1-2 h on fibrin gels, cells incubated with anti-a ¥ /3 3 antibody 
remained rounded and failed to flatten compared to cells 
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Figure 7 Ami-integrin anti- 
bodies promote tube forma- 
tion in rigid collagen gels. 
EC were plated onto collagen 
which had been allowed to gel 
for I h at 37 C C giving a more 
rigid gel than that obtained af- 
ter our normal gelling time of 
10-20 min. Cand D are high 
powered views of A and B, re- 
spectively. 20 ng/ml of PMA 
was added to both groups, 30 
j/g/ml of RMAC1 1 was added 
to B. Tube formation was as- 
sessed after 24 h. A and B 
magnification x80; C and 
D magnification x310. Each 
is a representative field of one 
well of duplicate wells set up 
for each group. The experiment 
has been performed at least six 
times using different EC lines 
and using either RMACU or 
AK7 with simitar results be- 
ing obtained. 




Figure S. Anti-integrin antibodies maintain EC in a tounded mor- 
phology and prevent cell spreading. EC were plated onto collagen 
I gels with 20 ng/ml PMA either in the presence of 30 u.gm\ QE2E5 
{A) or 30 /zg/rnl RMAC1 1 [B). The cells were viewed at 1, 2. 3, 
4. and 6 h after plating. These photographs were taken at 2 h after 
plating (magnification XI 10). Each shows a representative field of 
one well from duplicate wells set up for each group. The experi- 
ment has been performed on at .least four separate PC lines with 
similar results. 



110 




60 -4 j 1 1 1 1 1 1 1 1 

0 0.5 2 8 32 

[ANTIBODY] ug/ml 

Figure 9. Anti-oc?0i antibodies inhibit EC proliferation. EC were 
plated onto collagen I-coated microtitre wells at 5 x 10 3 cells/ 
well in HUVEC medium containing 2% PCS either with QE2E5 
(•), RMAC11 (♦), or AK7 (■) at various concentrations. The 
cells were incubated for 3 d at 37°C, washed, fixed, stained with 
methylene blue, and the dye solubilized with ethanol. Absorbance 
was read at 630 nm. The OD630 of wells with no antibody was 
taken to give 100% proliferation. All other groups were normalized 
to this. The results show the mean ± SEM of four experiments 
where each point in each experiment was performed with six repli- 
cates. Croups containing RMAC11 and AK7 were significantly 
different [p < 0.0001) from groups containing QE2E5 (ANOVA test 
for significance). 
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NIL LM609 RMAC11 NIL LM609 RMAC11 
ANTIBODY 

Figure 10. Anti-orvj3* antibody partially inhibits EC adhesion to 
fibrin (A) but not to collagen (B). Fibrin-coated microtiter wells 
were formed by thrombin cleavage of fibrinogen followed by two 
washes in medium containing FCS. Antibodies as indicated were 
added at a final concentration of 30 /xg/ml to either fibrin (A) or 
collagen (B)-coated wells. The plates were incubated at 37°C for 
1 h, washed, and the number of attached cells assayed as given for 
Fig. 1. The results show the mean of triplicate wells for each group 
of one experiment representative of three experiments, p < 0.01 
compared to no antibody group on either matrix. 



Figure //. Anti-Qfv^ 3 antibody promotes capillary formation in 
fibrin gels. 6.4 x 10 4 EC/well were plated onto fibrin gels in the 
presence of 20 ng/ml PMA. The anti-a^ antibody LM609 at a 
final concentration of 30 p.gfm\ was added to group B. Cells were 
incubated overnight. A representative field of one well of duplicate 
wells in each group is shown (magnification xl 10). The experiment 
has been performed at least five times using a different EC line for 
each experiment, all giving similar results. 



without antibody. Sections analyzed by light microscopy 
showed details similar to that observed in collagen gels. With 
PMA alone, small lumen formed by intracellular vacuoliza- 
tion were seen. In the presence of LM609 or 13C2 there was 
extensive cell-cell interactions and lumina were formed be- 
tween cells. Fig. 12 shows that in the presence of anti-a v /3 3 
antibody, the length, width, and the number of tubes were 
increased over that seen with PMA alone. Analysis of thin 
sections showed that with PMA alone, the majority of lumen 
were formed from single intracellular lumen although lu- 
mina formed from two cells were occasionally seen. In the 
presence of anti-c*,/? 3 antibody, the majority of lumina 
(>70%) were formed from three cells with some lumina 
formed from four or five cells. The enhancement of tube for- 
mation seen with a 2 /3i antibodies and with anti-a v /3 3 anti- 
bodies was specific for the matrix used; or 2 0, antibodies had 
no effect in fibrin gels and antibody had no effect in 
collagen gels (data not shown). 

Discussion 

The centra! finding of this study is that anti-integrin antibod- 



ies are able to enhance the formation of capillary tubes in 
vitro. Functional monoclonal antibodies directed to the major 
integrin receptors for the tube-permissive matrices of colla- 
gen and fibrin enhanced capillary tube formation increasing 
the number, length, as well as width. Ingber and Folkman 
(IngberandFblkman, 1 989a ,b\ Ingber, 1990, 1991a,/?) pro- 
pose that changes in adhesivity (e.g., by altering the density 
of ECM molecules), and therefore in the ability of the matrix 
to resist cell tension,, may result in alteration in cell function 
such as proliferation and differentiation. Thus the mechani- 
cal forces between cells and their environment will govern 
their behavior. Our results showing that anti-integrin anti- 
bodies, which block adhesion, enhance tube formation sug- 
gest that angiogenesis may also be regulated by the adhe- 
sivity of EC for the matrix. The balance between cell and 
matrix adhesivity will clearly be important in determining 
the function of endothelial cells. 

In the presence of antibody (anti-u?/3, and anti-aA), the 
first change observed was that the EC remained rounded, be- 
came less adhesive, and failed to spread when plated onto 
gels or 2-D matrices rather than adopting their normal cob- 
blestone, flattened morphology. It is known that alteration in 
cell shape can have profound effects on the function of many 
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F/gi/r* /2. Effect of LM609 on 
tube length (/im. /I), width 
(/im, B), and number (C) per 
high power field. EC were 
plated onto fibrin gels in the 
presence of 20 ng/ml PMA, 
and 30 pg/n\\ LM609 was 
added to half the wells. 24 h 
later the wells were photo- 
graphed (magnification X264), 
random fields being taken for 
each well. The number, length, 
and width of tubes were mea- 
sured from these photographs. 
The pooled results from two 
separate experiments are given 
for the length, width, and num- 
ber. * p < 0.05 compared to 
PMA alone. 



cells resulting in changes to cell proliferation and differentia- 
tion (Folkman and Moscona, 1978). Gospodarowitz has 
reported that EC must become attached and flattened in or- 
der to proliferate and that those kept rounded in suspension 
fail to divide (Gospodarowitz el al., 1978). Furthermore, 
there is a direct correlation between growth inhibition. and 
decreases in cell extension (Ingber et al., 1987). DNA, 
RNA. and protein synthesis in anchorage dependent fibro- 
blasts is also inhibited if these cells are maintained in suspen- 
sion (Ben-Zeev, 1980). Differentiation and expression of 
genes which reflect a more differentiated state of hepato- 
cytes, chondrocytes, fibroblasts, and endothelial cells are 
linked to cell shape and actin reorganization (Aggeler et al., 
1984;DiPersioetal., 1991; Mallein-Gerin et al. , 1991; Ing- 
ber and Folkman, I989a.fr; Ben-Zefevetal., 1988; Glowacki 
et al., 1983; Unemori and Werb, 1986; Werb et al., 1986). 
All these studies suggest that the mechanical interaction of 
cells with the ECM can regulate cell function, Since inte- 
grins interconnect the ECM with the cyto-skelcton, they are 
likely to be involved in the transmission of signals between 
the cell and its ECM. The biochemical signals (termed 
mechanotransducers) which are generated as a result of me- 
chanical forces or integrin activation arc unknown at present 
but phosphorylation (Kornberg et al. . 1991), activation of the 
Na*/H* exchanger (Ingber, 1990), Ca~ mobilization, and 
adenylate cyclase (for review see Watson, 1991; Ingber, 
199 lb) have been implicated. 

In the studies reported here, the decrease in the adhesion 
and change in cell shape of EC with anti -integrin antibodies, 
resulted in an inhibition in proliferation and in a promotion 
of differentiation as measured by capillary tube formation. 
These alterations in cell function were matrix specific, that 
is anti-af 2 /?i antibodies inhibited EC proliferation and en- 
hanced cell differentiation only on a collagen but not on a 
fibrin gel, while anti-a v & showed effects on fibrin but not 
on collagen gels. Thus, the effect of anti-integrin antibodies 
on angiogenesis is ligand dependent. Furthermore, the anti- 
body mediated effects are time dependent. No enhancement 



of capillary formation was observed when the antibodies 
were added more than 2 h after cell plating, paralleling the 
time dependency seen with the antibodies on EC adhesion 
and cell shape. 

EM revealed striking qualitative changes in tubes with 
anti-integrin antibodies. In the absence of RMACll, the 
majority of lumina were formed within single cells in a man- 
ner reported by Folkman and Haudenschild (1980). How- 
ever, with RMACll, the majority of lumina were formed 
from multiple cells with clear cellular borders between cells 
making up the vessel (Fig. 3 B). Using fibrin gels and anti- 
cs/?? antibodies, lumina were also formed from multiple 
cells. Thus anti-integrin antibodies not only alter the degree 
of tube formation taking place but also influence the pheno- 
type of tubes. The relationship between intracellular and in- 
tercellular lumina is not known at present but one possibility 
is that intercellular lumen form from coalescence of intracel- 
lular vacuole-like structures with the plasma membrane and 
that these structures define stages in tube formation. Clearly, 
our in vitro model of angiogenesis may allow a more detailed 
examination of the stages involved in capillary formation. 

The enhancement of capillary tube formation with anti- 
integrin antibodies was dependent on the presence of PMA 
since the antibodies alone had no effect. Thus, one signal for 
tube formation is likely to be protein kinase C-dependent. 
Indeed activators of protein kinase C inhibit the proliferation 
of EC in response to mitogens (Doctrow and Folkman, 
1987). One possibility for our results is that the antibodies 
enhance PMA-mediated signals. This, however, is unlikely 
since the antibodies do not enhance tube formation on an in- 
appropriate matrix. That is, anti-a 2 /3i antibody had no 
effect on fibrin gels, and anti-a v 03 antibody had no effect on 
collagen gels even though tube formation can take place on 
these matrices. This data therefore suggests that the antibod- 
ies do not directly signal the cell to undergo tube formation. 
This is further supported by the fact that pretreatment of 
HUVEC with the antibodies and removal by washing does 
not result in enhanced tube formation. 
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No capillary rube formatioii^Wftduced on collagen gels 
that are too rigid even in the presence of PMA. The cells 
form a confluent monolayer and little or no invasion into the 
matrix takes place suggesting that EC differentiation was in- 
hibited by the rigid ECM. However, anti-a.£, antibody on 
rigid gels in the presence of PMA did induce EC invasion 
into the gel and subsequent tube formation. The cells in the 
presence of RMAC1 1 were more rounded than with control 
antibody and failed to spread and flatten. A consequence of 
changes in eel) shape, adhesion, and signaling may be an al- 
teration in the level of matrix degrading enzymes such as col- 
lagenase. However, we observed no change in the total col- 
lagenase produced by the EC in the presence of RMACI1. 
One possibility to explain these results is that there is an al- 
teration in the site of collagenase release rather than an alter- 
ation in the overall level of production. Enzyme redistribu- 
tion has been demonstrated for urokinase plasminogen 
activator (uPA) after anti-fibronectin antibody binding to 
rabbit fibroblasts (Werb et al., 1989). Thus, as a conse- 
quence of antibody-integrin binding (and perhaps integrin 
redistribution and change in cell shape) collagenase may be 
redirected to specific localized areas resulting in enhanced 
cell motility and gel invasion. In addition, since activation 
of collagenase can occur via cleavage by uPA measurement 
of uPA or its receptor may indicate altered enzyme activity 
(Mignatti et al., 1991). 

Another possibility lo explain the enhancement of tube 
formation by the antibodies is that the binding of the ami- 
integrin antibodies to their antigen may simply limit the 
number of receptors available for cell-matrix interactions 
thereby resulting in enhanced motility of the cell within the 
matrix. Indeed, an alteration in the adhesivity of EC for 
different matrices via changes in the level of expression of 
the integrins, <x { 0\ and <x v &, can be achieved by cytokines 
such as tumor necrosis factor and interferon-7 (Defilippi et 
al., 1991a,b). The anti-integrin antibodies may also limit the 
number of focal contacts which can form an important func- 
tion mediated through the j3 subunit (Solowska ct al., 1989), 
reducing adhesion, and enhancing the lateral mobility of the 
integrins within the cell membrane. This lateral mobility of 
integrins is known to be important for cell movement (Du- 
band et al., 1988). Alternately, the limitation in the available 
number of functional a : 0, or oc v ($ } molecules may redirect 
the cell to use other integrin molecules. It is interesting to 
note that RMACll or AK7 cannot totally inhibit HUVEC 
binding to collagen. Anti-/3, antibodies further inhibit this 
adhesion suggesting that other /3, integrins are involved. 
c*i/3i and cx : fi\ are able to mediate adhesion to collagen at 
least in some cells (Defilippi et al., 199 kz; Hemler et al., 
1990). Whether these integrins can participate in angiogene- 
sis remains to be determined. The use of alternate matrix 
receptors may induce a different set of signals which in our 
system is manifested in enhanced capillary formation. Using 
chimeric constructs transfected into RD cells, Chan et al. 
(Chan ct al., 1992) have shown that the cytoplasmic domains 
of the integrin receptors can mediate different signals ir- 
respective of the ligand-binding event. 

Angiogenesis is clearly a complex event that can be regu- 
lated at multiple levels. In this paper we have demonstrated 
that the extent of capillary tube formation can be enhanced 
by the use of anti-integrin antibodies specific for a given 
receptor-ligand system which inhibit cell-matrix adhesion. 



These antibodies have^Wound effects on cell shape, adhe- 
sion, proliferation, and subsequent cell differentiation. A 
corollary of the work presented here suggests that anti- 
inlegrin antibodies which promote cell adhesion to the ECM 
will actually inhibit in vitro angiogenesis. Thus regulation of 
angiogenesis may be mediated through alteration in the ma- 
trix (as has been shown previously), or as our results sug- 
gest, by alteration in the function of matrix-adhesion recep- 
tors on the EC. 
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VEGF-C alignment 



1 50 
Hum HKLLGFFSVA CSLLAAALLP GPREAPAAAA AFESGLDLSD AEFDAGEATA 
Mou HELLCFLSLA CSLLAAALIP SFREAPATVA AFESGLGFSE AEPDGGEVKA 
Qua HEXLEKLSLG CCLAAGAVLL GPRQPFVA.A AYESGHGYYE EEPGAGEPKA 

51 1°° 

Hum YASKDLEEQL R6VSSVDELM TVLYFEYWKM YKCQLRKG6W QHNREQANLN 

MOU FEGKDLEEQL RSVSSVDELH SVLYFDYWKM YKCQLRKGGW Q . . - . QPTLN 

Qua HASKDLEEQL RSVSEVDELM TVXYPEYWKM FKCQLRKGGW QHNREHSSSD 

101 \ 1 50 

Hum SRTEETIKFA AAHYNTEILK SIDNEWRKTQ CKPREVCIDV GKEFGVATNT 

Mou TRTGDSVKFA AAHYNTEILK BIDNEWRKTQ CMFREVCIDV GKEFGAATNT 

Qua TRSDDSIJCFA AAHYNAEILK SIDTEWRKTQ GMFREVCVDL GKEFGATTNT 
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Hum FFKFPCVSVY RCGGCCNSEG LQCMNTSTSY LSKTLFEITV PLSQGPKPVT 

Mou FFKPPCVSVY RCGGCCNSEG LQCXNTETGY LSKTLFEITV PLSQGPKPVT 

Qua FFKPPCVSIY RCGGCCNSEG LQCMNIETNY ISKTLFEITV PLBHGPKPVT 
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Hum ISFANHTSCR CHSKLDVYRQ VHBIIRR6LP ATLPQCQAAN KTCPTNYMWN 

MOU ISFANHTSCR CHSKLDVYRQ VHEIIRRSLP ATLPQCQAAN KTCPTNYVWN 

Qua VSFANHTSCR CMSKLDVYRQ VHSIIRRSLP ATQTQCHVAN KTCPKNHVWN 
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Hum NHICRCLAQE DFMFSSDAGD DSTDGFHDIC GPNKELDEET CQCVCRAGLR 

Mou NYMCRCLAQQ DFIFYBNVED DSTNGFHDVC GPNKELDEDT CQCVCKGGLR 

Qua NQICRCLAQH DFGFSSHLGD SDTSEGFHIC GPNKELDEET CQCVCKGGVR 

301 350 

Hum PASCGPHKEL DRNSCQCVCK NKLFPSQCGA NREFDENTCQ CVCKRTCPRN 

Mou PSSCGPHKEL DRD6CQCVCK NKLFPNSCGA NREFDENTCQ CVCKRTCPRN 

Qua PIBCGPHKEL DRA6CQCMCK NKLLPSSCGP NKEFDEEKCQ. CVCKKTCPKH 

351 400 

Hum QPLNPGKCAC ECTESPQKCL LKGKKFHHQT CBCYRRPCTN RQKACEPGFS 

Mou QPLNPGKCAC ECTENTQKCF LKGKKFHHQT CSCYRRPCAN RLKHCDPGLS 

Qua HPLNPAKCIC ECTESPNKCF LKGKKFHHQT CSCYRPPCTV RTKRCDAGFL 

401 420 
Hum YSEEVCRCVP SYWKRPQMS* 
Mou FSEEVCRCVP SYWKRFHLN . 
Qua LAEEVCRCVR TSWXRFLKN* 
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1 

VASCULAR ENDOTHELIAL GROWTH 
FACTOR C fVEGF-C) ACYS,^ PROTEIN 
AND GENE, AND USES THEREOF 

FIELD OF THE INVENTION ■ 

The present invention generally relates to the field of 
genetic engineering and more particularly to growth factors 
for endothelial cells and growth factor genes. 

BACKGROUND OF THE INVENTION 

Developmental growth, the remodeling and regeneration 
of adult tissues, as well as solid tumor growth, can only 
occur when accompanied by blood vessel formation. Angio- 
blasts and hematopoietic precursor cells differentiate from 
the mesoderm and form the blood islands of the yolk sac and 
the primary vascular system of the embryo- The develop- 
ment of blood vessels from these early (in situ) differenti- 
ating endothelial cells is termed vasculogenesis. Major 
embryonic blood vessels are believed to arise via 
vasculogenesis, whereas the formation of the rest of the 
vascular tree, is thought to occur as a result of vascular 
sprouting from pre-existing vessels, a process called 
angiogenesis, Risau el al., De\>el. Biol., 125:441-450 ( 19SS). 

Endothelial cells. give rise to several types of functionally 
and morphologically distinct vessels. When organs differ- 
entiate and begin to perform their specific functions, the 
phenotypic heterogeneity of endothelial cells increases. 
Upon angiogenic stimulation, endothelial cells may re-enter 
the cell cycle, migrate, withdraw from the cell cycle and 
subsequently differentiate again to form new vessels that are 
functionally adapted to their tissue environment. Endothelial 
cells undergoing angiogenesis degrade the underlying base- 
ment membrane and migrate, forming capillary sprouts that 
project into the perivascular stroma. Ausprunk et al., 
Microvasc. Rev., 14:51-65 (1977). Angiogenesis during 
tissue development and regeneration depends on the tightly 
controlled processes of endothelial cell proliferation, 
migration, differentiation, and survival. Dysfunctiou of the 
endothelial cell regulatory system is a key feature of many 
diseases. Most significantly, tumor growth and metastasis 
have been shown to be angiogenesis dependent. Folkman el 
al., J. Biol Chem., 267:10931-10934 (1992). 

Key signals regulating cell growth and differentiation are 
mediated by polypeptide growth factors and their transmem- 
brane receptors, many of which are tyrosine kinases. Auto- 
phosphorylated peptides within the tyrosine kinase insert 
and carboxyl-terminal sequences of activated receptors are 
commonly recognized by kinase substrates involved in 
signal transduction for the readjustment of gene expression 
in responding cells. Several families of receptor tyrosine 
kinases have been characterized. Van dcr Gccr ct al., Ann. 
Rev. Cell Biol, 10:251-337 (1994). The major growth 
factors and receptors transducing angiogenic stimuli are 
schematically shown in FIG. 1. 

Fibroblast growth factors are also known to be involved 
in the regulation of angiogenesis. They have been shown to 
be miiogenic and chemoiactic for cultured endothelial cells. 
Fibroblast growth factors also stimulate the production of 
proteases, such as collagenases and plasminogen activators, 
and induce tube formation by endothelial cells. Saksela el 
al., -Ann. Rev. Cell Biol, 4:93-126 (1988). There are two 
general classes of fibroblast growth factors, FGF-1 and 
FGF-2, both of which lack conventional signal peptides. 
Both types have an affinity for heparin and FGF-2 is bound 
to' heparin sulfate proteoglycans in the subendothelial extra- 
cellular matrix from which it may be released after injury. 
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Heparin potentiates the stimulation of endothelial cell pro- 
liferation by angiogenic FGFs, both by protecting against 
denaturation and degradation and dimerizing the FGFs. 
Cultured endothelial cells express the FGF-1 receptor but no 

5 significant levels of other high-affinity fibroblast- growth 
factor receptors. 

Among other ligands for receptor tyrosine kinases, the 
platelet derived growth factor, PDGF-RB, has been shown to 
be weakly angiogenic in the chick chorioallantoic mem- 

j.. brane. Risau et al., Growth Faaors : 7:261-266 (1992). 
Transforming growth factor a (TGFa) is an angiogenic 
factor secreted by several tumor cell types and by macroph- 
ages. Nepatocyte growth factor (IIGF): the ligand of the 
c-met proto-oncogene-encoded receptor, also is strongly 

l5 angiogenic. 

Recent evidence shows that there arc endothelial cell 
specific growth factors and receptors that may be primarily 
responsible for the stimulation of endothelial cell growth, 
differentiation and certain differentiated functions. The best 

1Z studied of these is vascular endothelial growth factor 
(VEGF), a member of the PDGF family. Vascular endothe- 
lial growth factor is a diraeric glycoprotein of disulfide - 
linked 23 kD suhunits. Other reported effects of VEGF 
include the mobilization of intracellular calcium, the indue - 

-5 lion of plasminogen activator and plasminogen activator 
inhibitor- 1 synthesis, stimulation of hexose transport in 
endothelial cells, and promotion of monocyte migration in 
vitro. Four VEGF iso forms, encoded by distinct mRNA 
splice variants, appear to be equally capable of stimulating 

^ mitngencsis in endothelial cells. However, each isoform has 
a different affinity for cell surface proteoglycans, which 
behave as low affinity receptors for VEGF. The 121 and 165 
amino acid isoforms of VEGF (VEGF121 and VEGF165) 
are secreted in a soluble form, whereas the isoforms of 189 

35 and 206 amino acid residues remain, cell surface-associated 
and have a strong affinity for heparin. VEGF was originally 
purified from several sources on the basis of its miiogenic 
activity toward endothelial cells, and also by its ability to 
induce microvascular permeability, hence it is also called 

4 ~ vascular permeability factor (VPF). 

The pattern of VEGF expression suggests its involvement 
in the development and maintenance of the normal vascular 
system and in tumor angiogenesis. During murine 
development, the entire 7.5 day post-coital (p.c.) eudoderm 

45 expresses VEGF and the ventricular neuroectoderm pro- 
duces VEGF at the capillary ingrowth stage. See Dreier et 
al., Development. 114:521-523 (1992). On day two of quail 
development, the vascularized area of the yolk sac as well as 
the whole embryo show expression of VEGF. In addition, 

50 epithelial cells next to fenestrated endothelia in adult mice 
show persistent VEGF expression, suggesting a role in the 
maintenance of this specific endothelial phenotype and 
function. 

Two high affinity receptors for VEGF have been charac- 
55 terized. These are VEGFR-l/Flt-1 (fms-like tyrosine kinase - 
I) and VEGFR-2/Kdr/Flk-l (kinase insert domain contain- 
ing receptor/fetal liver kinase-1). Those receptors are 
classified in the PDGF-receptor family, but they have seven 
rather than five immu no globulin -like loops in their extra- 
6Z cellular domain (see FIG. 1) and they possess a longer 
kinase insert than normally observed in this family. Ine 
expression of VEGF receptors occurs mainly in vascular 
endothelial cells, although some may be present on hemato- 
- poietic progenitor cells, monocytes, and melanoma cells. 
65 Only endothelial cells have been reported to proliferate in 
response to VEGF, and endothelial cells from different 
sources show different responses. Thus, the signals mediated 
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through VEGFR-1 and VEGFR-2 appear m be cell type 
specific. The VEGF-related placenta growth factor (P1GF) 
was recently shown to bind to VEGFR-1 with high affinity. 
P1GF was able to enhance the growth factor activity of 
VEGF, but it did not stimulate endothelial cells on its own. 
Naturally occurring V'EGF'PIGF heterodimers were nearly 
as potent mitogens as VEGF homodimers for endothelial 
cells. Caoct al.,7. Biol. Chem., 271:3154-62 (1996). 

The Flt4 receptor tyrosine kinase (VEGFR-3) is closely 
related in structure to the products of the VEGFR-1 and 
VEGFR-2 genes. Despite this similarity, the mature form of 
Flt4 differs from the VEGF receptors in that it is proteoiyti- 
cally cleaved in the extracellular domain into two disul fide- 
linked polypeptides. Pajusola.et ah, Cancer Res., 
52:5738-5743 (1992). The 4.5 and 5.8 kb Flt4 mRN'As 
encode polypeptides which differ in their C-termini' due to 
the use of alternative 3' exons. Isoforms of VEGF or P1GF ' 
do not show specific binding to Fll^ or induce its auto phos- 
phorylation. 

Expression. of Flt4 appears to be more restricted than the 
expression of VEGFR-1 or VEGFR-2. The expression of 
Fll4 first becomes delectable by in situ hybridisation in the 
angioblasts of head mesenchyme, the cardinal vein, and 
extraembryomcally in the allantois of 8.5 day p.c. mouse 
embryos. In 12.5 day p.c. embryos, the FU4 signal is 
observed in developing venous and presumptive lymphatic 
endothelia, but arterial endothelia appear negative. During 
later stages of development, Flt4 mRNA becomes restricted 
to developing lymphatic vessels. The lymphatic endothelia 
and some high endothelial venules express FU4 mRNA in 
adult human tissues and increased expression occurs in 
lymphatic sinuses in metastatic lymph nodes and in lym- 
phangioma. These results support the theory of the venous 
origin of lymphatic vessels. 

Five endothelial cell specific receptor tyrosine kinases, 
Ht-1 (VEGFR-1), KDR/Flk-1 (VEGFR-2)^ FU4 (VEGFR- 
3), Tic, and Tck/Tic-2 have so far been described, which 
possess the intrinsic .tyrosine kinase activity essential for 
signal transduction. Targeted mutations inactivating Flt-1, 
Flk-1, Tie, and Tek in mouse embryos have indicated their 
essential and specific roles in vasculogencsis and angiogen- 
esis at the molecular level. VEGFR-I and VEGFR-2 bind 
VEGF with high affinity (K y 16 pM and 760 pM. 
respectively) and VEGFR-1 also binds the related placenta 
growth factor (P1GF; K d about 200 pM). A ligand for Tek is 
reported in PCT patent publication WO 96/11269. 

SUMMARY OF THE INVENTION 

The present invention provides a ligand, designated 
VEGF-C, for the Fit 4 receptor tyrosine kinase (VEGFR-3). 
Thus, the invention provides a purified and isolated polypep- 
tide which is capable of binding to the Flt4 receptor tyrosine 
kinase. Preferably, an Flt4 ligand of the invention is capable 
of stimulating tyrosine phosphorylation of Flt4 receptor 
tyrosine kinase in a host cell expressing the Flt4 receptor 
tyrosine kinase. Preferred ligands of the iuvention are mam- 
malian polypeptides. Highly preferred ligands are human 
polypeptides. As explained in detail below, dimcrs and 
multimers comprising polypeptides of the invention linked 
to each other or to other polypeptides are specifically 
contemplated as ligands of the invention. 

In one embodiment, an FU4 ligand polypeptide has a 
molecular weight of approximately 23 kD as determined by 
SDS-PAGE under reducing conditions. For example, the 
invention includes a ligand composed of one or more 
polypeptides of approximately 23 kD which is purifyabie 
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from conditioned media from a PC-3 prostatic adenocarci- 
noma cell line, the cell line having ATCC Acc. No. CRL 
1435. Amino acid sequencing of this PC-3 cell-derived 
ligand polypeptide revealed that the ligand polypeptide 

5 comprises an amino terminal amino acid sequence set forth 
in SEQ ID NO: 5. A conditioned medium comprising an Fll4 
ligand is itself an aspect of the invention. The present 
invention also provides a new use for the PC-3 prostatic 
adenocarcinoma cell line which produces an FH4 ligand. In 
a preferred embodiment, the ligand may be purified and 
isolated directly from the PC-3 cell culture medium. 

In a highly preferred embodiment, the ligand polypeptide 
comprises a fragment of the amino acid sequence shown in 
SEQ ID NO: S which specifically binds to the human Flt4 

1 ^ receptor tyrosine kinase. Exemplary fragments include: a 
polypeptide comprising an amino acid sequence set forth in 
SEQ ID NO: 8 from about residue 112 to about residue 213; 
a polypeptide comprising an amino acid sequence from 
about residue 104 to about residue 227 of SEQ ID NO: 8; 

2 ~ and a polypeptide comprising an amino acid sequence from 
about residue 112 to about residue 227 of SEQ ID NO: S. 
Other exemplary fragments include polypeptides compris- 
ing amino acid sequences of SEQ ID. NO: 8 that span, 
approximately, the following residues: 31-213, 31-227, 

25 32-227, 103-217, 103-225, 104-213, 113-213, 103-227, 113- 
227, 131-211, 161-211, 103-225, 227-419,228-419,31-419, 
and 1-419, as described in greater detail below. 

The present invention also provides one or more polypep- 
tide precursors of an FU4 ligand, wherein one such precursor 

? " (designated "prepro-VEGF-C") comprises the complete ' " 
amino acid sequence (amino acid residues 1 to 419) shown 
in SEQ ID NO: 8. Thus, the invention includes a purified and 
isolated polypeptide having the amino acid sequence of 
residues 1 to 419 shown in SEQ ID NO: 8. Ligand precur- 
sors according to the invention", when expressed in an 
appropriate host cell, produce, via cleavage, a polypeptide 
which binds specifically to the Flt4 receptor tyrosine kinase. 
A putative 102 amino acid leader (prcpro) peptide has been 
identified in the amino acid sequence shown in SEQ ID NO: 

40 8. Thus, in a related aspect, the invention includes a purified 
and isolated polypeptide having the amino acid sequence of 
residues 103-419 shown in SEQ ID NO: 8. 

In one embodiment, an expressed Flt4 ligand polypeptide 

^. precursor is proteolytically cleaved upon expression to pro- 
duce an approximately 23 kD FU4 ligand polypeptide. Thus, 
an Flt4 ligand polypeptide is provided which is the cleavage 
product of the precursor polypeptide shown in SEQ ID NO: 

8 and which has a molecular weight of approximately 23 kD 
.„ -under reducing conditions. 

Putative VEGF-C precursors/processing products consist- 
ing of polypeptides with molecular weights of about 29 and 
32 kD also are considered aspects of the iuvention. 

In another embodiment, an expressed Flt4 ligand 
55 polypeptide precursor is proteolytically cleaved upon 
expression to produce an approximately 21 kD VEGF-C 
polypeptide. Sequence analysis has indicated that an 
observed 21 kD form has an amino terminus approximately 

9 amino acids downstream from the amino terminus of the 
tio 23 kD form, suggesting that alternative cleavage sites exist. 

From the foregoing, it will be apparent that an aspect of 
the invention includes a fragment of the purified and isolated 
polypeptide having the amino acid sequence of residues 1 to 
419 shown in SEQ ID NO: S. the fragment being capable of 
65 specifically binding to Flt4 receptor tyrosine kinase. Pre- 
ferred embodiments include fragments having an apparent 
molecular weight of approximately 21/23 kD and 29/32 kD 
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as assessed by SD.S-PAGE under reducing conditions. More 
generally, the inveniion includes a purified and isolated 
polypeptide according to claim 1 that is a V'EGF-C of 
vertebrate origin, wherein the VEGF-C has a molecular 
weight of about 21-23 kD, as assessed by SDS-PAGE under 
reducing conditions, and wherein the VEGF-C is capable of 
binding to FH4 receptor tyrosine kinase (VEGFR-3). 

Evidence suggests that the amino acids essential for 
retaining Flt4 ligand aciivilv are contained within approxi- 
mately amino acids 103/112-226/227 of SEQ ID NO: 8, and 
that a carboxy-tcrminal proteolytic cleavage to produce a 
mature, naturally-occurring. Flt4 ligand occurs at the 
approximate position of amino acids 226-227 of SEQ ID 
NO: 8. Accordingly, a preferred FU4 ligand comprises 
approximately amino acids 103-227 of SEQ ID NO: 8. 

VEGF-C mutational analysis described herein indicates 
that a naturally occurring VEGF-C polypeptide spanning 
amino acids 103-227 of SEQ ID NO: 8, produced by a 
natural processing cleavage that defines the C-ierminus, 
exists and is biologically active as an FU4 ligaud. A polypep- 
tide fragment consisting of residues 104-213 of SEQ ID NO: 
8 has been shown to retain VEGF-C biological activity. 
Additional mutational analyses indicate that a polypeptide 
spanning only amino acids 113-213 of SEQ ID NO: S 
retaias Flt4 ligand activity. Accordingly, preferred polypep- 
tides comprise sequences spanning, approximately, amino 
acid residues 103-227, 104-213, or 113-213, of SEQ ID NO: 
8. 

.Moreover, sequence comparisons of members of the 
VEGF family of polypeptides provide an indication that still 
smaller fragments will retain biological activity, and such 
smaller fragments are intended as aspects of the invention. 
In particular, eight highly conserved cysteine residues of the 
VEGF family of polypeptides define a -region from residue 
131 to residue 211 of SEQ ID NO: S (see FIGS. 10 & 32); 
therefore, a polypeptide spanning from about residue 131 to 
about residue 211 is expected to retain VEGF-C biological 
activity. In fact, a polypeptide comprising approximately 
residues 161-211, which retains an evolutionarily-conserved 
RCXXCC motif, is postulated to retain VEGF-C activity, 
and therefore is intended as an aspect of the invention. 

In addition to binding Flt4, VEGF-C polypeptides are 
shown herein to bind and activate kdr/ttk-1 receptor tyrosine 
kinase (VEGFR-2). Thus, the invention includes a purified 
and isolated polypeptide that is capable of binding'to at least 
one of kdr receptor tyrosine kinase (VEGFR-2) and Flt4 
receptor tyrosine kinase (VEGFR-3). the polypeptide com- 
prising 'a portion of the amino acid sequence in SEQ ID NO: 
8 effective to permit such binding. In one preferred 
embodiment, the portion of the amino. acid sequence in SEQ 
ID NO: 8 is a continuous portion having as its amino 
terminal residue an amino acid between residues 102 and 
161 of SEQ ID NO: 8 and having as its carboxy terminal 
residue an amino acid between residues 210 and 228 of SEQ 
ID NO: 8. In a highly preferred embodiment, the portion has, 
as its amino terminal residue r an amino acid between resi- 
dues 102 and 131 of SEQ ID NO: S. In a very highly- 
preferred embodiment, the portion of the amino acid 
sequence in SEQ ID NO: 8 is a continuous portion having 
as its amino terminal residue an amino acid between resi- 
dues 102 and 114 of SEQ ID NO: 8 and having as its carboxy 
terminal residue an amino acid between residues 212 and 
228 of SEQ ID NO: 8. Polypeptides of the inveniion which 
bind to and activate a receptor (e.g., VEGFR-2 or VEGFR-3) 
are useful for stimulating VEGF-C biological activities that 
are mediated through the receptor. Polypeptides of the 
inveniion which bind to but do noi activate a receptor are 
useful for inhibiting VEGF-C activities mediated through 
that receptor. 



The definition of polypeptides of the invention is intended 
to include within its scope variants thereof. The polypeptide 
variants contemplaied include purified and isolated polypep- 
tides having amino acid sequences that differ from the exact - 

5 amino acid sequences of such polypepiides (e.g., VEGF-C, 
■VEGF-C precursors and VEGF-C fragments) by conserva- 
tive substitulions, as recognized by those of skill in the art, 
lhat are compatible with the retention of at least one 
VEGF-C biological activity or VEGF-C-inhibitory activity 

rc of the polypeptide. The term '•variants,'" when used to refer 
to polypeptides, also is intended to include polypepiides 
having amino acid additions, including but not limited to 
additions of a methionine and/or leader sequence to promote 
translation and/or secretion; additions of peptide sequences 

1 . to facilitate purification (e.g., polybistidine sequences and/or 
epitopes for antibody purification); and additions of 
polypeptide -encoding sequences to produce fusion proteins 
with VEGF-C. The term "variants" also is intended to 
include polypeptides having amino acid deletions at the 
amino terminus, the carboxy icrminus, or internally of 
amino acids that are non-conserved amongst the human, 
mouse, and quail VEGF-C sequences taughi herein, and lhat 
are compatible with the retention of the VEGF-C or VEGF- 
C-inhibitory activity of the polypeptide to which the dele- 

, s tions have been made. 

The term "variant" also is intended to include polypep- 
tides having mod in* cat ions to one or more amino acid 
residues that are. compatible with retaining VEGF-C or 
VEGF-C inhibitory activity of the polypeptide. Such raodi- 
fications include glycosylations (identical or different to 
glycosylations of native VEGF-C); and the addition of other 
substituents (e.g., labels, compounds to increase serum 
half-life (e.g., polyethylene glycol), and the like. 

Additional polypeptides of the invention include certain 

3S fragments lhat have been observed to result from the pro- 
cessing of prepro-VEGF-C into mature VEGF-C. For 
example, the invention includes a purified and isolated 
polypeptide having a molecular weight of about 29 kD as 
assessed by SDS-PAGE under reducing conditions and 

40 having an amino acid sequence consisting essentially of a 
portion of SEQ ID NO: 8 having residue 228 of SEQ ID NO: 
8 as its amino terminal amino acid residue; and a purified 
and isolated polypeptide having a molecular weight of about 
15 kD as assessed by SDS-PAGE under reducing conditions 

45 and having an amino acid sequence consisting essentially of 
a portion of SEQ ID NO: 8 having residue 32 of SEQ ID 
NO: 8 as its amino terminal amino acid residue. Such 
polypeptides are expected to modulate VEGF-C biological 
activity through their interactions with VEGF-C receptors 

52 and/or interactions with biologically active VEGF-C. 

Some of the conserved cysteine residues in VEGF-C 
participate in interchain disulfide bonding to make homo- 
and helerodimers of ihe various naturally occurring 
VEGF-C polypeptides. Beyond the preceding 

55 considerations, evidence exists that VEGF-C polypeptides 
lacking interchain disulfide bonds retain VEGF-C biological 
activity. Consequently, the materials and methods of the 
invention include all VEGF-C fragments lhat retain at least 
one biological activity of VEGF-C, regardless of the pres- 

i5C ence or absence of interchain disulfide bonds. The invention 
also includes multimers (including dimers) comprising such 
fragments linked to each other or to other polypepiides. 
• Fragment linkage may be by way of covalent- bonding (e.g., 
disulfide bonding) or non-covalent bonding of polypeptide 

65 chains (e.g, hydrogen bonding, bonding due to stable or 
induced dipole-dipole interactions, bonding due to hydro- 
phobic or hydrophilic interactions, combinations of these 
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bonding mechanisms, and ihc like). Thus, the invention 
includes a purified and isolated polypeptide multimer, 
wherein at least one monomer thereof is a polypeptide that 
is capable of binding to VEGFR-2 and. or VEGFR-3. the 
polypeptide comprising a portion of the amino acid 5 
sequence in SEQ ID NO: & effective to permit such binding, 
and wherein the multimer itself is capable of binding to 
VEGFR-2 and. or VEGFR-3. In a preferred embodiment? the 
multimer has at least one VEGF-C biological activity as 
taught herein. y . 

In one embodiment, at least one monomer of the multLmer 
is a polypeptide from another member of the PDGF. VEGF 
family of proteins, e.g., a vascular endothelial growth factor 
(VEGF) polypeptide, a vascular endothelial growth factor R 
(VEGF-B) polypeptide, a platelet derived growth factor A 15 
(PDGF- A) polypeptide, a platelet derived growth factor B 
(PDGF-B) polypeptide, a c-fos induced growth . factor 
(FIGF) polypeptide, or a placental growth factor (P1GF) 
polypeptide. 

In a highly preferred embodiment, the multimer of the 2 z 
invention is a dimer of two monomer polypeptides. For 
example, the invention includes a dimer wherein each 
monomer thereof is capable of binding to at least one of 
VEGFR-2 and VEGFR-3 and has an amino acid sequence 
comprising a portion of SEQ ID NO: 8 effective to permit 25 
such binding. Dimers having covalent attachments and 
dimers wherein the two monomers are free of covalent 
attachments to each other are contemplated. 

In yet another aspect, the invention includes analogs of 
the polypeptides of the invention. The term "analog" refers 32 
to polypeptides having alterations involving one or more 
amino acid insertions, internal amino acid deletions, and/or 
non-conservative amino acid substitutions (replacements). 
The definition of analog is intended to include within its 
scope variants of analog polypeptides embodying such alter- 
ations. The term "mutant/* when used with respect to 
polypeptides herein, is intended to refer generically to 
VEGF-C variants, VEGF-C analogs, and variants of 
VEGF-C analogs. 

For example, in one embodiment, the invention includes 
a polypeptide analog of a VEGF-C of vertebrate origin that 
is capable of binding to VEGFR-3 (e.g., an analog of a 
vertebrate VEGF-C of about 21-23 kb as assessed by 
SDS-PAGE under reducing conditions), wherein an evolu- 
tionary conserved cysteine residue in_ the VEGF-C has 45 
been deleted or replaced, and wherein the analog is capable 
of binding to VEGFR-3 and has reduced VEGFR-2 binding 
affinity relative to the wildtype VEGF-C. For analogs 
according to this embodiment of the invention, the determi- 
nation that a residue is "evolutionarily conserved" is made $2 
solely by reference to the alignment of human, mouse, and 
quail VEGF-C sequences provided herein and aligned to 
show similarity in FIG. 5. The presence of the same residue 
in all three sequences indicates that the residue is evolution- 
arily conserved, notwithstanding the fact that VEGF-C from 55 
other species may lack the residue. In a preferred 
embodiment, the conserved cysteine residue corresponds to 
the cysteine at position 156 of SEQ ID NO: S. "Correspon- 
dence to the cysteine at position 156" is readily determined 
from an analysis of the vertebrate VEGF-C sequence of 63 
interest, since the cysteine at position 156 of SEQ ID NO: 
8 (human VEGF-C) falls within an evolutionary conserved 
portion of VEGF-C (see FIG. 5, comparing human, mouse, 
and quail VEGF-C polypeptides). Alignment of human 
VEGF-C allelic variants, other mammalian VEGF-C 65 
polypeptides, and the like with the three VEGF-C forms in 
FIG. 5 will identify that cysteine which corresponds to the 
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cysteine at position 1 S6 of SEQ ID NO: 8, even if the allelic 
variant has greater or fewer than exactly 155 residues 
preceding the cysteine of interest. 

In a u other embodiment, the invention includes a purified 
polypeptide that is an analog of human VEGF-C and that is 
capable of binding to at least one of fil-1 receptor tyrosine 
kinase (VEGFR-1), kdr receptor tyrosine kinase (VEGFR- 
2), and Flt4 receptor tyrosine kinase (VEGFR-3). 

Specifically contemplated is an analog of human VEGF-C 
that binds VEGFR-3 but has reduced VEGFR-2 binding 
affinity, as compared to the VEGFR-2 binding affinity of a 
wildtype human VEGF-C (e.g., as compared to the 
VEGFR-2 binding affinity of a human VEGF-C having an 
amino acid sequence consisting essentially of amino acids 
103-227 of SEQ ID NO: 8). One such family of human 
VEGF-C analogs are VEGF-C A J?cS polypeptides. By 
" VEGF-C ACY, rt polypeptide" is meant an analog wherein 
the cysteine at position 156 of SEQ ID NO: 8 has been 
deleted or replaced by another amino acid. A VEGF-C AC l56 
polypeptide analog can be made from any VEGF-C 
polypeptide of the invention- that comprises all of SEQ ID 
NO: S or a portion thereof that includes position 156 of SEQ 
ID NO: 8. Preferably, the VEGF-C AC J5;5 polypeptide 
analog comprises a portion of SEQ ID NO: 8 effective, to 
permit binding to VEGFR-3. 

For example, the invention includes a VEGF-C AC l56 
polypeptide that binds VEGFR-3, has reduced VEGFR-2 
binding affinity, and lias an amino acid sequence which 
includes amino' acids 131 to 211 of SEQ ID NO: 8, wherein 
the cysteine residue at position 156 of SEQ ID NO: 8 has 
been deleted or replaced. In a preferred embodiment, the 
VEGF-C AC 355 polypeptide comprises a continuous portion 
of SEQ ID NO: 8, the portion having as its amino terminal 
residue an amino acid between residues 102 and 114 of SEQ 
ID NO: 8, and haying as its carboxy terminal residue an 
amino acid between residues 212 and 228 of SEQ ID NO: 
8, wherein the cysteine residue at position 156 of SEQ ID 
NO: 8 has been deleted or replaced. In an embodiment 
„ exemplified herein, the cysteine residue at position 156 of 
SEQ ID NO: 8 has been replaced by a serine residue. 

A second family of human VEGF-C analogs that bind 
VEGFR-3 but have reduced VEGFR-2 binding affinity are 
VEGF-C AR 220 AR 227 polypeptides. By "VEGF-C 
AR^AR^ polypeptide" is meant an analog wherein the 
arginine residues at positions 226 and 227 of SEQ ID NO: 
8 have been deleted or replaced by other amino acids, for the 
purpose of eliminating a proteolytic processing site of the 
carboxy terminal pro-peptide of VEGF-C. Preferably, the 
VEGF-C AR2- 0 AR 227 polypeptide comprises a portion of 
SEQ ID NO: S effective to permit binding of VEGFR-3. For 
example, the invention includes a VEGF-C AR 226 AR 227 
polypeptide having an amino acid sequence comprising 
amino acids 112-419 of SEQ ID NO: 8, wherein the arginine 
residues at positions 226 and 227 of SEQ ID NO: 8 have 
been deleted or replaced. Specifically exemplified herein is 
a VEGF-C AR^AR^ polypeptide wherein the arginine 
residues at positions 226 and 227 of SEQ ID NO: 8 have 
been replaced by serine residues. 

Another family of VEGF-C analogs of the invenlion are 
human VEGK-C W ' : polypeptides. By " VEGF-C*""" 
polypeptide' 1 is meant a VEGF-C analog wherein at least one 
amino acid having a basic side chain has been introduced 
into the VEGF-C coding sequence, to emulate one or more 
basic residues in VEGF (e.g., residues Arg 10S , Lys 110 , and 
His r = in the VEGF165 precursor shown in FIG. 2.) that 
have been implicated in VEGF receptor binding. Preferably, 
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two or three basic residues arc introduced into VEGF-C. 
Based on the VEGF/VEGF-C polypeptide alignment pro- 
vided herein, positions IS 7 , 189, and 191 of SEQ ID NO: S 
are preferred positions to introduce basic residues. For 
example, the invention includes a VEGF-C*" 5 ^ polypeptide 5 
that is capable of binding to at least one of VEGFR-1, 
VEGFR-2, and VEGFR-3, and that has an amino acid 
sequence comprising residues 131 to 211 of SEO ID NO: S, 
wherein the glutamic acid residue at position 187, the 
threonine residue at position 189, and the proline residue at 
position 191 of SEQ ID NO: 8 have been replaced by an 
arginine residue, a lysine residue, and a bistidine residue, 
respectively. 

In yet another aspect of the invention, VEGF-C structural 
information is employed to create useful analogs of VEGF. 15 
For example, mature VEGF-C contains an unpaired cysteine 
(position 137 of SEQ ID NO: 8) and is able to form 
□on-covalently bonded polypeptide dimers. In one 
embodiment, a VEGF analog is created wherein this, 
unpaired cysteine residue from mature VEGF-C is intro- zz 
duced at an analogous position of VEGF (e.g., introduced in 
place of Leu 5S of the human VEGF165 precursor (FIG. 2. 
Genbank Acc. No. M32977). Such VEGF analogs are 
termed VEGF** 5 '' polypeptides. Thus, the invention includes 
a human VEGF analog wherein a cysteine residue is intro- , 5 
duced in the VEGF amino acid sequence at a position 
selected from residues 53 to 63 of the human VEGF 165 
precursor having the amino acid sequence set forth in SEQ 
ID NO: 56. At least four naturally occurring VEGF iso forms 
have been described, and VEGF**"-" polypeptide analogs of 3: 
each isufurm are contemplated. Must preferably, me cys- 
teine is introduced at a position in a VEGF isofonn which 
corresponds to position 58 of the VEGF165 precursor hav- 
ing the amino acid sequence set forth in SEQ ID NO: 56. 

The present invention also provides purihed and isolated 35 
polynucleotides (i.e.. nucleic acids) encoding all of the 
polypeptides of the invention, including but not limited to 
cDNAs and genomic DNAs encoding VEGF-C precursors, 
VEGF-C, and biologically active fragments thereof, and 
DNAs encoding VEGF-C variants and VEGF-C analogs. A 4C 
preferred nucleic acid of the invention comprises a DNA 
encoding amino acid residues 1 to 419 of SEQ ID NO: 8 or 
one of the aforementioned fragments or analogs thereof. Due 
to the degeneracy of the genetic code, numerous such coding 
sequences are possible, each having in common the coding 45 
of the amino acid sequence shown in SEQ ID NO: 8 or the 
fragment or analog thereof. Distinct polynucleotides encod- 
ing any polypeptide of the invention by virtue of the 
degeneracy of the genetic code are within the scope of the 
invention. 53 

A preferred polynucleotide according to the invention 
comprises the human VEGF-C cUNA sequence set forth in 
SEQ ID NO: 7 from nucleotide 352 to 1611. Other poly- 
nucleotides according to the invention encode a VEGF-C 
polypeptide from, e.g., mammals other than humans, birds 55 
(e.g., avian quails), and others. Still other polynucleotides of 
the invention comprise a coding sequence for a VEGF-C 
fragment, and allelic variants of those DNAs encoding part 
or all of VEGF-C. Still other polynucleotides of the inven- 
tion comprise a coding sequence for a VEGF-C variant or a 6C 
VEGF-C analog. 

The invention further comprises polynucleotides that 
hybridize to the aforementioned polynucleotides under stan- 
dard stringent hybridization conditions. Exemplary stringent 
hybridization conditions are as follows: hybridization at A2° 65 
C in 50% formamide. 5xSSC, 20 mM Na.PO a , pH 6.S and 
washing in 0.2xSSC at 55° C. It is understood by those of 
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skill in the art that variation in these conditions occurs based 
on the length and GC nucleotide content of the sequences to 
be hybridized. Formulas standard in the art are appropriate 
for determining appropriate hybridization conditions. See 
Sambrook et al.. Molecular Cloning: A Laboratory Manual 
(Second ed.. Cold Spring Harbor Laboratory Press, 1989) §§ 
9.47-9.51 . These polynucleotides, capable of hybridizing to 
polynucleotides encoding VEGF-C, VEGF-C fragments, or 
VEGF-C analogs, are useful as nucleic acid probes tor 
identifying, purifying and isolating polynucleotides encod- 
ing other (non-human) mammalian forms of VEGF-C and 
human VEGF-C allelic variants. Additionally, -these poly- 
nucleotides are useful in screening methods of the invention, 
as described below. 

Preferred nucleic acids useful as probes of the invention 
comprise nucleic acid sequences of at least about 16 con- 
tinuous nucleotides of SEQ ID NO: 7. More preferably, 
these nucleic- acid probes would have at least about 20 
continuous nucleotides found in SEQ ID NO: 7. In using 
these nucleic acids as probes, it is preferred that the nucleic 
acids specifically hybridize to a portion of the sequence set 
forth in SEQ ID NO: 7. Specific hybridization, is herein 
defined as hybridization under standard stringent hybridiza- 
tion conditions. To identify and isolate other mammalian 
VEGF-C genes specifically, nucleic acid probes preferably 
are selected such that they fail to hybridize to genes related 
to VEGF-C (e.g., fail to hybridize to human VEGF or to 
human VEGF-B genes). 

Thus, the invention comprehends polynucleotides com- 
prising at least about 16 nucleotides wherein the polynucle- 
otides arc capable of specifically hybridizing to a gene 
encoding VEGF-C, e.g., a human gene. The specificity of 
hybridization ensures that a polynucleotide of the invention 
is able to hybridize to a nucleic acid encoding a VEGF-C 
under hybridization conditions that do not support hybrid- 
ization of the polynucleotide to nucleic acids encoding, e.g., 
VEGF or VEGF-B. In one embodiment, polynucleotides of 
at least about I 6 nucleotides, and preferably at least about 20 
nucleotides, are selected as continuous nucleotide sequences 
found in SEQ ID NO: 7 or the complement of the nucleotide 
sequence set forth in SEQ ID NO: 7. 

In another embodiment, the invention includes polynucle- 
otides having at least 90 percent (preferably at least 95 
percent, and more preferably al least 97, 98, or 99 percent) 
nucleotide sequence identity with a nucleotide sequence 
encoding a polypeptide of the invention. In a highly pre- 
ferred embodiment, the polynucleotides have at least 95 
percent sequence identity with a nucleotide sequence encod- 
ing a human VEGF-C precursor (such as the VEGF-C 
precursor in SEQ ID NO: 8 and allelic variants thereof), 
human VEGF-C, or biologically active VEGF-C fragments. 

Additional aspects of the invention include vectors which 
comprise nucleic acids of the invention; and host cells 
transformed or transfecled with nucleic acids or vectors of 
the invention. Preferred vectors of the invention are expres- 
sion vectors wherein nucleic acids of the invention, are 
operatively connected to appropriate promoters and other 
control sequences that regulate transcription and/or subse- 
quent translation, such that appropriate prokaryotic or 
eukaryotic host cells transformed or transfecled with the 
vectors are capable of expressing the polypeptide encoded 
thereby (e.g., the VEGF-C, VEGF-C fragment, VEGF-C 
variant, or VEGF-C analog encoded thereby). A preferred 
vector of the invention is plasmid pFLT4-L, having ATCC 
accession no. 97231. Such vectors and host cells are useful 
for recombinantly producing polypeptides of the invention, 
including VEGF-C, and fragments, variants, and analogs 
thereof. 
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In a related aspect of the invention, host cells such as 
proearyoiic and eukaryotic cells, especially unicellular host 
cells, are modified to express polypeptides of ibe invention. 
Host cells may be stably transformed or transfected with 
isolated DNAs of the invention in a manner allowing 5 
expression of polypeptides of the invention therein. 'Jtius. 
the invention further includes a method of making polypep- 
tides of ihe invention. In a preferred method, a nucleic acid 
or vector of the invention is expressed in a host cell, and a 
polypeptide of the invention is purified from the host cell or 
the host cell's growth medium. 

Similarly, the invention includes a method of making a 
polypeptide capable of specifically binding to VECFR-1, 
VEGFR-2 and/or VEGFR-3. comprising the steps of: (a) 
transforming or transfecting a host cell with a nucleic acid 15 
of ihe invention; (b) cultivating the host cell to express the 
nucleic acid; and (c) purifying a polypeptide capable of 
specifically binding to VEGFR-1, VEGFR-2, and/or 
V'EGKK-3 from the host cell or from the host cell's growth 
media. The invention also includes purified and isolated 2 o 
polypeptides produced by methods of the invention. In one 
preferred embodiment, the invention includes a human 
VEGF-C polypeptide or biologically active fragment, 
variant, or analog thereof that is substantially free of other 
human polypeptides. 25 

Alternatively, host cells may be modified by activating an 
endogenous VEGF-C gene that is not normally expressed in 
the host cells or that is expressed at a lower rate than is 
desired. Such host cells are modified (e.g., by homologous 
recombination) to express the VEGF-C by replacing, in 7,2 
whole or in part, the naturally-occurring VEGF-C promoter 
with part or all of a heterologous promoter so that the host 
cells express VEGF-C. In such host cells, the heterologous 
promoter DNA is operatively linked to the VEGF-C codiug 
sequences, i.e., controls transcription of the VEGF-C coding 35 
sequences. See, for example, PCT International Publication 
No. WO 94/12650; PCT International Publication No. WO 
92/2080S; and PCT International Publication No. WO ' 
91/09955. The invention also contemplates that, in addition 
to heterologous promoter DNA, amplifiable marker DNA 43 
(e.g.. ada, dhfr, and the multifunctional CAD' gene which 
encodes carbamy] phosphate synthase, aspartate - 
transcarbamylase, and dihydro-orotase) and/or intron DNA 
may be recombined along with the heterologous promoter 
DNA into the host cells. If linked to the VEGF-C coding 45 
sequences, amplification of the marker DNA by standard 
selection methods results in co-amplification of the VEGF-C 
coding sequences in such host cells. Thus, the invention 
includes, for example, a cell comprising a nucleic acid 
having a sequence encoding human VEGF-C and further 53 
comprising a non-VEGF-C promoter sequence (i.e., a het- 
erologous promoter sequence) or other non-VEGF-C control 
sequence that increases RNA transcription in the cell of the 
sequence encoding human VEGF-C. 

The DNA sequence information provided by the present 55 
invention also makes possible the development, by homolo- 
gous recombination or "knockout" strategies [see, Capecchi. 
Science,. 244: 12SS-1292 (1989)], of rodents that fail to 
express functional VEGF-C or that express a VEGF-C 
fragment, variant, or analog. Such rodents are useful as go 
models for studying the activities of VEGF-C and VEGF-C 
modulators in vivo. 

In another aspect, the invention includes an antibody 
which is specifically reactive with one or more polypeptides 
of the invention, and/or is reactive with polypeptide muhi- 65 
mers of the invention. Antibodies, both monoclonal and 
polyclonal, may be made against a polypeptide of the 



invention according to standard techniques in the art. Sec, 
e.g., Harlow and Lane, Antibodies: A Laboratory Manual 
(Cold Spring Harbor Laboratory Press. Cold Spring Harbor, 
N.Y. (193$)). Standard protein manipulation techniques and 
recombinant techniques also may be employed to generate 
humanized antibodies and antigen -binding antibody frag- 
ments and other chimeric antibody polypeptides, all of 
which are considered antibodies of the invention. The inven- 
tion further includes hybridoma cells that produce antibodies 
of the invention or other cell types that have been genetically 
engineered to express antibody polypeptides of the inven- 
tion. Antibodies of the invention may be used in diagnostic 
applications to monitor angiogenesis, vascularization, lym- 
phatic vessels and their disease states, wound healing, or 
certain rumor cells, hematopoietic, or leukemia cells. The 
antibodies also may be used to block the ligand from 
activating its receptors; to purify polypeptides of the inven- 
tion; and to assay fluids for the presence of polypeptides of 
the invention. The invention further includes immunological 
assays (including radio-immuno assays, enzyme linked 
immunosorbent assays, sandwich assays and the like) which 
employ antibodies of the invention. 

I.igands according to the invention may be labeled with a 
detectable label and used lo identify their corresponding 
receptors in situ. Labeled Flt4 ligand and anti-FU4 ligand 
antibodies may be used as imaging agents in the detection of 
lymphatic vessels, high endothelial venules and their disease 
states, and Flt4 receptors expressed in histochemical tissue 
sections. ITie ligand or antibody may be covalently or 
non-covalcntly coupled to a suitable supcrmagnctic, 
paramagnetic, electron dense, echogenic, or radioactive 
agent for imaging. Other, non-radioactive labels, such as 
biotin and avidin, may also be used. 

A related aspect of the invention is a method for the 
detection of specific cells, e.g., endothelial cells. These cells 
may be found in vivo, or in ex vivo biological tissue 
samples. The method of detection comprises the steps of 
contacting a biological tissue comprising, e.g., endothelial 
cells, with a polypeptide according to the invention which is 
capable of binding to VEGFR-2 and/or VEGFR-3, under 
conditions wherein the polypeptide binds to the cells, 
optionally washing the biological tissue, and delecting the 
polypeptide bound lo the cells in the biological tissue, 
thereby detecting the cells. It will be apparent that certain 
polypeptides of the invention are useful for detecting and/or 
imaging cells that express both VEGFR-2 and VEGFR-3, 
whereas other polypeptides (e.g., VEGF-C AC a56 
polypeptides) are useful for imaging specifically those cells 
which express VEGFR-3. 

The many biological activities described herein for 
VEGF-C (including but not limited to affecting growth and 
migration of vascular endothelial cells; promoting growth of 
lymphatic endothelial cells and lymphatic vessels; increas- 
ing vascular permeability; and affecting myelopoiesis (e.g., 
growth of neutrophilic granulocytes)) support numerous 
diagnostic and in vitro and in vivo clinical utilities for 
polypeptides and antibodies of the invention, for modulating 
(stimulating or inhibiting) these biological activities. 
Generally, VEGF-C and precursor, fragment, variant, and 
analog polypeptides that retain one or more VEGF-C bio- 
logical activities are useful agonists for stimulating the 
desired biological activity; whereas precursor, fragment, 
variant, and analog polypeptides that are capable of binding 
to VEGFR-2 and/or VEGFR-3 (either alone or as a homo- 
or hetero-dimer with other polypeptides) without stimulat- 
ing receptor-mediated VEGF-C activity (i.e., without acti- 
vating the receptor) are useful as antagonists (inhibitors) of 
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VEGF-C. Similarly, antibodies of the invention thai bind 
biologically active VEGF-C forms and thereby interfere 
with VEGF-C-receptor interactions are useful as inhibitors 
of VEGF-C. Aniisense oligonucleotides comprising a por- 
tion of the VEGF-C coding sequence and/or its complement 
also are contemplated as inhibitors of the invention. Both 
biologically active polypeptides and inhibitor polypeptides 
of the invention have utilities in various imaging applica- 
tions. 

For example, the biological effects of VEGF-C on vas- 
cular endothelial cells indicate in vivo uses tor polypeptides 
of ihe invention for stimulating angiogenesis (e.g., during 
wound healing, in tissue transplantation, in eye diseases, in 
the formation of collateral vessels around arterial stenoses 
and into injured tissues after infarction) and for inhibiting 
angiogenesis (e.g., to inhibit tumor growth and/or metastatic 
eaueer). The biological effects on vascular endothelial cells 
indicate in vitro uses for biologically active forms of 
VEGF-C to promote the growth of cultured vascular endot- 
helial cells. 

The biological effects of VEGF-C on lymphatic endothe- 
lia indicate in vivo uses for polypeptides of the invention for 
stimulating lymphangioeenesis (e.g., lo promote re -growth 
or permeability of lymphatic vessels in, for example, organ 
transplant patients; to mitigate the loss of axillary lymphatic 
vessels following surgical interventions in the treatment of 
cancer (e.g., breast cancer); to treat aplasia of the lymphatic 
vessels or lymphatic obstructions) and for inhibiting it (e.g., 
to treat lymphangiomas). Additional in vivo uses for 
polypeptides of the invention include the treatment or pre- 
vention of inflammation, edema, elephantiasis, and Milroy's 
disease. The biological effects on lymphatic endothel ial cells 
indicate in vitro uses for biologically active forms of 
VEGF-C to promote the growth of cultured lymphatic 
endothelial cells. 

llius, the invention includes a method of modulating 
(stimulating/increasing or inhibiting/decreasing) the growth 
of vertebrate endothelial cells comprising contacting such' 
endothelial cells with a polypeptide or antibody (or antigen- 
binding portion thereof) of the invention, in an amount 
effective to modulate the growth of the endothelial cells. 
Mammalian endothelial cells are preferred. Human endot- 
helial cells are highly preferred, in one embodiment, the 
endothelial cells arc lymphatic endothelial cells. In another 
embodiment, the cells are vascular endothelial cells. The 
method may be an in vitro method (e.g., for cultured 
endothelial cells) or an in vivo method. For in vivo methods, 
it is highly preferable to administer a pharmaceutical com- 
position (comprising the polypeptide formulated in a phar- 
maceutical^ acceptable diluent, adjuvant, e x dpi en t, carrier, 
or the like) to the subject, in an amount effective to modulate 
the growth of lymphatic endothelial cells in vivo. 

In one preferred embodiment, the endothelial cells are 
lymphatic endothelial cells, and the polypeptide is one that 
has reduced effect on the permeability of mammalian blood 
vessels compared to a wildlype VEGF-C polypeptide (e.g., 
compared with VEGF-C having an amino acid sequence set 
forth in SEQ ID NO: 8 from residue 103 to residue 227). 
^ VEGF-C AC 1S6 polypeptides are contemplated for use in 
this embodiment. 

In modulating the growth of endothelial cells in vivo, the 
invention contemplates the modulation of endothelial, cell- 
related disorders. Endothelial cell disorders contemplated by 
the invention include, but are not limited to, physical loss of 
lymphatic vessels (e.g., surgical removal of axillary lymph 
tissue), lymphatic vessel occlusion (e.g., elephantiasis), and 
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lymphangiomas. In a preferred embodiment, the subject, and 
endothelial cells, are human. The endothelial cells may be 
provided in vitro or in vivo, and they may be contained in 
a tissue graft. An effective amount of a polypeptide is 

5 defined herein as that amount of polypeptide empirically 
determined to be necessary to achieve a reproducible change 
in cell growth rate (as determined by microscopic or mac- 
roscopic visualization and estimation of cell doubling time, 
or nucleic acid synthesis assays), as would be understood by 

i'j one of ordinary skill in the an. 

Polypeptides of the invention may be used to stimulate 
lymphocyte production and maturation, and to promote or 
inhibit trafficking of leukocytes between tissues and lym- 
phatic vessels or to affect migration in and out of the thymus. 

1:1 The biological effects of VEGF-C on myelopoiesis indi- 
cate in vivo and in. v^itro uses for polypeptides of the 
invention for stimulating myelopoiesis (especially growth of 
neutrophilic granuloctycs) or inhibiting it. Thus, the inven- 
tion includes a method for modulating myelopoiesis in a 

2 ~ mammalian subject comprising administering to a mamma- 
lian subject in need of modulation of myelopoiesis an 
amount of a polypeptide or antibody (or antigen-binding 
portion thereof) of the invention that is effective to modulate 
-myelopoiesis. In one embodiment, a mammalian subject 

2:1 suffering from granulocytopenia is selected, and the method 
comprises administering to the subject an amount of a 
polypeptide effective to stimulate myelopoiesis. In 
particular, a polypeptide of the invention is administered in 
an amount effective lo increase the neutrophil count in blood 

33 of the subject. Preferred subjects are human subjects. An 
effective amount of a polypeptide is an amount of polypep- 
tide empirically determined to he necessary to achieve a 
reproducible change in the production of neutrophilic granu- 
locytes (as determined by microscopic or macroscopic visu- 
alization and estimation of cell doubling time, or nucleic 
acid synthesis assays), as would be understood ,by one of 
ordinary skill in the art. 

In a related embodiment, the invention includes a method 

4 „ of increasing the number of neutrophils in the blood of a 
mammalian subject comprising the step of expressing in a 
cell in a subject in need of an increased number of blood 
neutrophils a DNA encoding a VEGF-C protein, the DNA 
operatively linked to a non-VEGF-C promoter or other 
. non- VEGF-C control sequence that promotes expression of 
5 the DNA in the cell. 

Similarly, the invention includes a method of modulating 
the growth of neutrophilic granulocytes in vitro or in vivo 
comprising the step of contacting mammalian stem cells 

52 with a polypeptide or antibody of Ihe invention in an amount 
effective to modulate the growth of mammalian endothelial 
cells. 

For methods which involve the in vivo administration of 
polypeptides or antibodies of the invention, at is contem- 

55 plated that the polypeptides or antibodies will be adminis- 
tered in any suitable manner using an appropriate 
pharmaceutically-acceptable vehicle, e.g., a 
pharmaceutically-acceptable diluent, adjuvant, excipient or 
carrier. Thus, the invention further includes compositions, 

60 e.g., pharmaceutical compositions, comprising one or more 
polypeptides or antibodies of the invention. By pharmaceu- 
tical composition is meant a composition that may be 
administered to a^mamraalian host, e.g., orally, topically, 
parenterally (including subcutaneous injections, 

65 intravenous, intramuscular, intracisternal injection or infu- 
sion techniques), by inhalation spray, or rectally, in unit 
dosage formulations containing conventional non-toxic 
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. carriers, diluents (eg., calcium carbon ale, sodium 
carbonate, lactose, calcium phosphate, sodium phosphate, 
kaolin, water), adjuvants, vehicles, and the like, including 
but not limited to flavoring agents, preserving agents; granu- 
lating and disintegrating agents; binding agents; time delay 5 
materials; oils; suspending agents; dispersing or wetting 
agents; a nti -oxidants; cmulsificrs, etc. 

The invention further provides a method of using a 
• polypeptide of. the invention for the manufacture of a 
medicament for use in any of the foregoing methods. y . 
Similarly, the invention further provides a method of using 
a polypeptide of the invention ' for the manufacture of a 
medicament for the treatment of any of the foregoing 
indicated conditions and disease states. Such - methods 
optionally involve the use of additional biologically active 15 
ingredients (e.g., VEGF, P1GF, G-CSF, etc.) for the manu- 
facture of the medicament. 

Effective amounts of polypeptides for the foregoing meth- 
ods are empirically determined using standard in vitro and in 
vivo dose-response assays. In addition, experimental data 2 : 
provided herein provide guidance as to amounts of polypep- 
tides of the invention that are effective for achieving a 
desired biological response. For example, the dissociation 
constants determined for one form of mature VEGF-C 
(K^-135 pN4 for VEGFR-3 and K^-410 pM for VEGFR-2) 25 
provide an indication as to the concentration of VEGF-C 
necessary to achieve biological effects, because such disso- 
ciation constants represent concentrations at which half of 
the VEGF-C polypeptide is bound to the receptors through 
which VEGF-C biological effects arc mediated. Results ^ 
from in vivo Miles assays, wherein 0-8 picomoles of 
VEGF-C was injected intradermals, provide an indication 
that picomole quantities of mature VEGF-C are sufficient to 
induce localized biological effects. In vitro analysis of 
3 H-thymidine incorporation into bovine capillary endothe- ^ 
iial cells treated with a mature VEGF-C form showed 
increasing VEGF-C effects on cell proliferation at concen- 
trations of 10-1000 pM. Collectively, this data suggests that 
localized concentrations of 100-1000 pM of fully-processed 
VEGF-C have VEGF-C biological activity in vivo. Effective 4: 
concentrations of other polypeptides of the invention are 
generally expected to correlate with the dissociation con-, 
stant of the polypeptides for the relevant receptors. Phar- 
macokinetic and pharmacological analyses reveals the pre- 
ferred dosages, dosage formulations, and methods of 45 
administration to achieve -the desired local or systemic 
concentration of a polypeptide of the invention. 

Polypeptides oFthe invention also may be used to quan- 
tify future metastatic risk by assaying biopsy material for the 
presence of active receptors or ligands in a binding assay. 50 
Such a binding assay may involve the use of a delectably 
labeled polypeptide of the invention or of an unlabeled 
polypeptide in conjunction with a labeled antibody, for 
example. Kits comprising such substances are included 
within the scope of the invention. 55 

, The present invention also provides methods for using the 
claimed nucleic acids (i.e., polynucleotides) in screening for 
endothelial cell disorders. In a preferred embodiment, the 
invention provides a method for screening an endothelial 
cell disorder in a mammalian subject comprising the steps of 60 
providing a sample of endothelial cell nucleic acids from the 
subject, contacting the sample of endothelial cell nucleic 
acids with a polynucleotide of the invention which is 
capable of hybridizing, to a gene encoding VEGF-C (and 
preferably capable of hybridizing to VEGF-C mRNA), 65 
determining the level of hybridization between the endot- 
helial cell nucleic acids aud the polynucleotide, and corre- 
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lating the level of hybridization with a disorder. A preferred 
mammalian subject, and source of endothelial cell nucleic 
acids, is a human. The disorders contemplated by the method 
of screening with polynucleotides include, but are not lim- 
ited to, vessel disorders such as the aforemeutioned lym- 
phatic vessel disorders, and hypoxia. 

Purified and isolated polynucleotides encoding other 
(non-human) VEGF-C forms also are aspects of 1 he- 
invention, as are the polypeptides encoded [hereby, and 
antibodies that are specifically inimuno reactive with the 
non-human VEGF-C forms. Preferred non-human forms of 
VEGF-C are forms derived from other vertebrate species, 
including avian and mammalian species. Mammalian forms 
are highly preferred. Thus, the invention includes a purified 
and isolated mammalian VEGF-C polypeptide, and also a 
purified and isolated polynucleotide encoding such a 
polypeptide. 

In one embodiment, the invention includes a purified and 
isolated polypeptide having the amino acid sequence of 
residues 1 to 415 of SEQ ID NO: 11, which sequence 
corresponds to a putative mouse VEGF-C precursor. The 
putative mouse VEGF-C precursor is believed to be .pro- 
cessed into a mature mouse VEGF-C in a manner analogous 
to the processing of the human prepro-polypeptide. Thus, in 
a related aspect, the invention includes a purified and 
isolated polypeptide capable of specifically binding to an 
Fli4 receptor tyrosine kinase (e.g., a human or mouse Flt-4 
receptor tyrosine kinase), the polypeptide comprising a 
fragment of the purified and isolated polypeptide having the 
amino acid sequence of residues 1 to 415 of SEQ ID NO: 11, 
the. fragment being capable of specifically binding to the Flt4 
receptor tyrosine kinase. The invention further includes 
multimers of the foregoing polypeptides and purified and 
isolated nucleic acids encoding the foregoing polypeptides, 
such as a nucleic acid comprising all or a portion of the 
sequence shown in SEQ ID NO: 10. 

In another embodiment, the invention includes a purified 
and isolated quail VEGF-C polypeptide, biologically active 
fragments and multimers thereof, and polynucleotides 
encoding the foregoing polypeptides. 

It is also contemplated that VEGF-C polypeptides from 
other species may be altered in the manner described herein 
with respect to human VEGF-C variants, in order to alter 
biological properties of the wildtype protein. For example, 
elimination of the cysteine at position 152 of SEQ ID NO: 
11 or position 155 of SEQ ID NO: 13 is expected to alter 
VEGFR-2 binding properties in the manner described below 
for human VEGF-C AC 15rt mutants. 

In yet another embodiment, the invention includes a DNA 
comprising a VEGF-C promoter, that is capable of promot- 
ing expression of a VEGF-C gene or another operatively- 
linked, protein-encoding gene in native host cells, under 
conditions wherein VEGF-C is expressed in such cells. 
Thus, the invention includes a purified nucleic acid com- 
prising a VEGF-C promoter sequence. Genomic clone 
lambda 5 described herein comprises more than 5 kb of 
human genomic DNA upstream of the VEGF-C translation 
initiation codon, and contains promoter DNA of the inven- 
tion. Approximately 2.4 kb of this upstream sequence is set 
forth in SEQ ID NO: 48. Thus, in one embodiment, the 
invention includes a purified nucleic acid comprising a 
portion of SEQ ID NO: 4S, wherein the portion is capable 
of promoting expression of a protein encoding gene opera- 
tively linked thereto under conditions wherein VEGF-C is 
expressed in native host cells. Similarly, the invention 
includes a chimeric nucleic acid comprising a VEGF-C 
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promoter nucleic acid according lo the invention npcraiivcly 
connected to a sequence encoding a protein other than a 
human VEGF-C. 

Additionakaspects and embodiments of the invention will 
he apparent from the detailed description which follows. 

BRIEF DESCRIPTION Or THE DRAWINGS 

FIG. 1 schematically depicts major endothelial cell recep- 
tor tyrosine kinases and growth factors involved in vascu- 
logenesis and angiogenesis. Major structural domains are 
depicted, including immunoglobulin -like domains (IGH). 
epidermal growth factor homology domains (EGFH). 
ftbronectin type III domaias (FNIII), transmembrane (TM) 
and juxta membrane (JM) domains, tyrosine kinase (TK1, 
TK2) domains, kinase insert domains (KI), and carboxy- 
terminal domains (CT). 

FIGS. 2 A, 2B, and 2C show a comparison of the deduced 
amino acid sequences of PDGF-A (SEQ ID NO: 53), 
PDGF-fi (SEQ ID NO: 54), P1GF-1 (SEQ ID NO: 55), 
VEGF-B 1<5 . (SEQ ID NO: 56), VEGF165 (SEQ ID NO: 57), 
and Flt4 ligand (VEGF-C, (SEQ ID NO: 8)). 

FIG. 3A is an autoradiograph sbowiug recombinant 
VEGF-C isolated following a pulse-chase experiment and 
electrophoresed via SDS-PAGE under reducing conditions. 

FIG. 3B is a photograph of polyacrylamide gel showing 
that recombinant VEGF-C forms are disulfide -linked in 
uonreducing conditions. 

FIG. 4 shows that VEGF-C stimulates endothelial cell 
migration in a three-dime nsional collagen gel assay. 

FIG. 5 depicts the amino acid sequences of human (SEQ 
ID NO: 8), murine (SEQ ID NO: 11), and quail (SEQ ID 
NO: 13) VEGF-C polypeptides, aligned to show similarity. 
Residues conserved in all three species are depicted in bold. 

TIGS. 6A-C depict electrophoretic fractionations of the 
various forms of recombinant VEGF-C produced by trans- 
fected 293 EBNA cells. FIG. 6B depicts the electrophoretic 
fractionation, under non-reducing conditions, of polypep- 
tides produced from mock (M) iransfected cells, cells trans- 
fecled wilh wild type (wl) VEGF-C cDNA, and cells irans- 
fected with a cDNA encoding the VEGF-C mutant VEGF- 
C-R102S. Each of the bands identified in FIG. 6B was 
excised and clcclrophorclically fractionated in a separate 
lane under reducing conditions. Fractionation of bands cor- 
responding to wt VEGF-C are depicted in FIG. 6A; frac- 
tionation of bands corresponding to the R102S mutant are 
depicted in FIG. 6C. 

FIGS. 7A-B depict the forms and sizes of wild type and 
. mutant recombinant VEGF-Cs, as revealed by non-reducing 
gel electrophoresis. FIG. 7A shows the VEGF-C forms 
secreted into the media; FIG. 7B shows the VEGF-C forms 
retained by the cells. Mock (M) trausfected cells served as 
a control. 

FIGS. 8A-B present a comparison of the pattern of 
immuuoprecipitated, labelled VEGF-C forms using autisera 
882 and antisera 905. Adjacent lanes contain immunopre- 
cipitates that were (lanes marked +) or were not (lanes 
marked -) subjected to reduction and alkylation. 

FIG. 9 is a schematic model of the proteolytic processing 
of VEGF-C. The regions of the VEGF-C polypeptide are 
depicted as follows: signal sequence=dark shaded box: 
VEGF-homology domain=medium shaded box; N-terminal 
and C-terminal propeptides-dotted and open boxes, respec- 
tively. Conserved cysteine residues id the VEGF-homology 
clomain are depicted with dots (for clarity, cysteine residues 
in the C-teruiinal propeptide are not marked). Putative sites 



55 



of N'-linkcd glycosylation arc shown with Y symbols. Num- 
bers indicate approximate molecular mass (kDa) of the 
corresponding polypeptide as measured by SDS-PAGE in 
reducing conditions. Disulfide bonds are marked as 
— S — S — ; noil -cova lent bonds are depicted as dotted lines. 
A question mark indicates the presence of a possible uon- 
covalent bond. The proteolytic generation of a small fraction 
of disulfide -linked 21 kDa forms is not indicated in the 
figure. Several intermediate forms also are omitted to sim- 
phfy the scheme. Particularly, only one precursor polypep- 
tide is cleaved initially. The figure is not intended to suggest 
that other intermediate forms, for example 21 kDa+31 kDa, 
31 kDa+31 kDa+29 kDa, do not exist. 

FIG. 10 presents a comparison of the human and mouse 
VEGF-C amino acid sequences. The amino acid sequence of 
mouse VEGF-C is presented on the top line and differences 
in the human sequence are marked below it. .An arrow 
indicates the putative cleavage site for the signal pepJida.se; 
BR3P motifs, as well as a CR/SC motif, are boxed; and 
conserved cysteine residues are marked in bold above the 
sequence. Arginine. residue 158 is also marked in bold. The 
numbering refers to mouse VEGF-C residues. 

FIGS. 1 1 A-B present gel electrophoretograms of human 
VEGF-C (wl) and VEGF-C mutants secreted (FIG. 11A) or 
retained (FIG. 11B) by the host, 293 EBNA cells. Mock (M) 
transfected cells served as a control. Molecular weight 
markers are indicated on the left in kilodaltons (kD). 

FIG. 12 depicts the exon-intron organization of the human 
VEGF-C gene. Seven exons are depicted as open boxes, 
with exon size depicted in base pairs. Iniruns are depicted as 
lines, with imron size (base pairs) depicted above the lines. 
5' and 3' untranslated sequences of a putative 2.4 kb mature 
MRNA are depicted as shaded boxes. The location of 
genomic clones used to characterize the VEGF-C gene are 
depicted below the map of the gene. 

FIGS. 13A and 13B depict the genomic structure of the 
human (13 A) and murine (13R) VEGF-C genes. Sequences 
of exon-intron junctions are depicted together with exon and 
intron lengths. Intron sequences are depicted in lower case 
letters. Nucleotides of the open reading frame observed in 
VEGF-C cDNAs are indicated as upper case letters in 
triplets (corresponding to the codons encoded at the 
junctions). 

FIG. 14 A depicts autoradiograms showing the binding of 
recombinant)' produced wildlype VEGF-C (wl), and three 
VEGF-C mutants (VEGF-C R22G,227S (R226,227S); 
VEGF-C ANACHis (A); and VEGF-C ANACHisCl56S 
(A156S)) to a VEGFR-3 extracellular domain- 
immunoglobulin construct (left panel, VEGFR-3EC), to a 
VEGFR-2 extracellular domain-iramunoglobulin construct 
(center panel, VEGFR-2EC), and to protein A sepharose 
(right panel, PAS). 

FIG. 14B graphically depicts the results of a competitive 
binding assay. The ability of VEGF165, wildtype VEGF-C, 
and various VEGF-C mutants to compete with 125 I-VEGF- 
CANACHis for binding lo VEGFR-2 and VEGFR-3 is 
shown. 

FIG. 15 schematically depicts the VEGF-C promoter- 
reporter constructs and their activities in transfecled HeLa 
cells. A restriction map of a portion of a genomic clone that 
includes the VEGF-C initiation codon and about 6 kb of 
upstream sequence is depicted above the constructs. Con- 
structs were made linking putative VEGF-C promoter to the 
Luciferase reporter gene in pGL3 vector (Promega) and 
introduced into HeLa cells by calcium phosphate-mediated 
trausfeclion method. The Luciferase activity obtained was 
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compared in the level using the promotcrlcss pGI. Phasic 
construct to obtain a measure of relative promoter activity. 
Luciferase activity is expressed graphically as a ratio of 
activity of the constructs versus this control. Also shown are 
numerical ratios of Luciferase activity in experiments where 
the constructs were transfected into HeLa cells and cells 
were starved 24 hours followed by serum stimulation for 
four hours (Luciferase activity is expressed as a ration of 
activity in serum-stimulated versus serum- starved cells). 

DETAILED DESCRIPTION OF THE 
INVENTION 

Described herein is the isolation of a novel vascular 
endothelial growth factor and the cloning of a DNA encod- 
ing this novel growth factor from a cDNA library prepared 
from the human prostatic adenocarcinoma cell line PC-3. 
The isolated cDNA encodes a protein which is proteolyti- 
cally processed and secreted to cell culture medium. The 
processing is described in detail below. The secreted protein, 
designated VEGF-C, binds to the extracellular domain and 
induces tyrosine autophosphorylation of both Flt4 (V'EGFR- 
3) and kdr/flk-1 (VEGFR-2). In contrast, neither VEGF nor 
P1GF showed specific binding to VEGFR-3 or induced its 
autophosphorylation. VEGF-C also stimulates the migration 
of endothelial cells in collagen gel and induces vascular 
permeability in vivo. In transgenic mice, VEGF-C induces 
proliferation of the lymphatic endothelium and an causes an 
increase in neutrophilic granulocytes. Based on studies of 
VEGF-C variants and analogs and studies of VEGF 
precursors, it is anticipated that />nc or more VEGF-C 
precursors (the largest putative native VEGF-C precursor, 
excluding signal, peptide, having the complete amino acid 
sequence from residue 32 to residue 419 of SEO ID NO: 8) 
is capable of stimulating VEGFR-3. 

In addition to providing a cDNA sequence encoding 
prepro-VEGF-C, the present application also provides sig- 
nificant guidance concerning portions of the VEGF-C amino 
acid' sequence which are necessary for biological activity 
and portions (of one or more amino acids) which, when 
altered, will modulate (up-regulate or inhibit) VEGF-C 
biological activities. Such alterations are readily achieved 
through recombinant DNA and protein techniques, such as 
site-directed mutagenesis of a VEGF-C encoding cDNAand 
recombinant expression of the resultant modified cDNA. 
The skilled artisan also understands that, in recombinant 
production of proteins, additional sequence may be 
expressed along with a sequence encoding a polypeptide 
having a desired biological activity, while retaining a desired 
biological activity of the protein. For example, additional 
amino acids may be added at the amino terminus, at the 
carboxy-terminus, or as an insertion, into the polypeptide 
sequence. Similarly, deletion variants of a protein with a 
desired, biological activity can be recombinantly expressed 
that lack certain residues of the endogenous/natural protein, 
while retaining a desired biological activity. Moreover, it is 
well-known that recombinant protein variants may be pro- 
duced having conservative amino acid replacements 
(including but not limited to substitution of one or more 
amino acids for other amino acids having similar chemical 
side-chains (acidic, basic, aliphatic, aliphatic hydroxyl, 
aromatic, amide, etc.)) which do not eliminate the desired 
. biological activity of the protein. Accordingly, it is antici- 
pated that such alterations of VEGF-C are VEGF-C equiva- 
lents within the scope of the invention. 

As set forth in greater detail below, the putative prepro- 
VEGF-C has a deduced molecular mass of 46,883: a puta- 
tive prepro-VEGF-C processing intermediate has an 



observed molecular weight of about 32 kO; and mature 
VEGF-C isolated from conditioned media has a molecular 
weight of about 23. kD as assessed by SDS-PAGE under 
reducing conditions. A major part of the difference in the 

5 observed molecular mass of the purified and -recombinant 
-VEGF-C and the deduced molecular mass of the prepro- 
VEGF-C encoded by the VEGF-C open reading frame 
(ORF) is attributable lo proteolytic removal of sequences at 
the amino-terminal and carboxyl-ierminal regions of ihe 

r prepro-VEGF-C polypeptide. Extrapolation from studies of 
the structure of PDGF (Heldin ei al., Growth Factors, 
8:245-52 (1993)) suggests that the region critical for recep- 
tor binding and activation by VEGF-C is contained within 
amino acids residues 104-213, which are found in the 

15 secreted form of the VEGF-C protein (i.e.. the form lacking 
the putative prepro leader sequence and some carboxyter- 
minal sequences). The 23 kD polypeptide binding VEGFR-3 
corresponds to a VEGF- homologous domain of VEGF-C. 
After biosynthesis, the nascent VEGF-C polypeptide may be 

,~ glycosylated at three putative N-linkcd glycosylation sites 

" identified in the deduced VEGF-C amino acid sequence. 
Polypeptides containing modifications, such as N-linked 
glycosylations, are intended as aspects of the invention. 
The carboxyl terminal amino acid sequences, which 

2 5 increase the length of the VEGF-C polypeptide in compari- 
son with other ligands of this family, show a pattern of 
spacing of cysteine residues reminiscent of the Balbiani ring 
3 protein (BR3P) sequence (Dign am et al., Gene, 88:133-40 
(1990); Paulsson et al., J. Mot. Biol., 211:331-49 (1990)). 

3 « This novel C-tcrminal silk protein-like structural motif of 
VEGF-C may fold into an independent domain, which is 
cleaved off after biosynthesis. Interestingly, at least one 
cysteine motif of the BR3P type is also found in the carboxyl 
terminus of VEGF. As explained iu detail below, putative 

^ precursors and putative fully-processed VEGF-C were both 
detected in the cell culture media, suggesting cleavage by 
cellular proteases. The determination of amino-tcrminal and 
carboxy-terminal sequences of VEGF-C isolates was per- 
formed to identify the proteolytic processing sites. Antibod- 

4: ies generated against different parts of the pro-VEGF-C 
molecule were used to determine "the precursor-product 
relationship and ratio, their cellular distribution, aud the 
kinetics of processing and secretion. 

VEGF-C has a conserved pattern of eight cysteine 

45 residues, which may participate in the formation of intra- 
and interchain disulfide bonds, creating .an anliparallel, 
dimeric, biologically active molecule, similar lo PDGF. 
Mutational analysis of the cysteine residues involved in the 
interchain disulfide bridges has shown that, in contrast to 

52 PDGF, VEGF dimers need lo be held together by these 
covalent interactions in order to maintain biological activity. 
Disulfide linking of the VEGF-C polypeptide chains was 
evident in the analysis of VEGF-C in- nonreducing 
conditions, although recombinant protein also contained 

55 "fully processed" ligand-active VEGF-C forms which 
lacked disulfide bonds between the polypeptides. (See FIG. 
9.)- 

VEGFR-3, which distinguishes between VEGF and 
VEGF-C, Is closely related in structure to VEGFR-1 and 

60 VEGFR-2. Finnerty et al., Oncogene, 8:2293-98 (1993); 
Galland et al.. Oncogene, 8:1233-40 (1993); Pajusola et al., 
Cancer Res., 52:5738-43 (1992). Besides VEGFR-3, 
VEGFR-2 tyrosine kinase also is activated in response to 
VEGF-C. VEGFR-2 mediated signals cause striking 

65 changes in the morphology, actin reorganization and mem- 
brane ruffling of porcine aortic endothelial cells overex- 
pressing this receptor. In these cells, VEGFR-2 also medi- 
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atcd ligand-induccd chcmotaxis and m itocenici t v. 
Walienberger el a)., J. Biol Chem.. 269:26988-95 (1994). 
Similarly, the receptor chimera CSF-1R/VEGFR-3 was 
mitogenic when ectopically expressed in NIH 3T3 fibro- 
blastic cells, but not in porcine aortic endothelial cells 
(Pajusola el al., 1994). Consistent with such results, the 
bovine capillary endothelial (RCE) cells, which express 
VEGFR-2 mRKA but very little or no VEGFR-1 or 
VEGFR-3 mRNAs, showed enhanced migration when 
stimulated with VEGF-C. Light microscopy of the BCE cell 
cultures in collagen gel also suggested that VEGF-C stimu- 
lated the proliferation of these cells. The data thus indicate 
that the VEGF family of ligands and receptors show a great 
specificity in their signalling, which may be cell-type- 
dependent. 

Yhc expression pattern of the VEGFR-3 (Kaipainen et al.. 
Proc. Natl Acad. Sci. (USA), 92:3566-70 (1995)) suggests 
that VEGF-C may function in the formation of the venous 
and lymphatic vascular systems during embryogenesis. Con- 
stitutive expression of VEGF-C in adult tissues shown 
herein further suggests that this gene product also is 
involved in the maintenance of the differentiated functions 
of the lymphatic and certain venous endothelia where 
VEGFR-3 is expressed (Kaipainen et ai., 1995). Lymphatic 
capillaries do not have well-formed basal laminae and an 
interesting possibility exists that the silk-like BR3P motif is 
involved in producing a supramolecular structure which 
could regulate the availability of VEGF-C iu tissues. 
However, as shown here, VEGF-C also activates VEGFR-2, 
which is abundant in proliferating endothelial cells of vas- 
cular sprouts and branching vessels of embryonic tissues, 
but not so abundant in adult tissues. Millauer et al., Nature, 
367:576-78 (1993). These data have suggested that 
VEGFR-2 is a major regulator of vasculogenesis and angio- 
genesis. VEGF-C may thus have a unique effect on lym- 
phatic endothelium and a more redundant function, shared 
with VEGF, in angiogenesis and possibly in regulating the 
permeability of several types of endothelia. Because 
VEGF-C stimulates VEGFR-2 and promotes endothelial 
" migration, VEGF-C may be useful as an inducer of angio- 
genesis of blood and lymphatic vessels in wound healing, in 
tissue transplantation, in eye diseases, and in the formation 
of collateral vessels around arterial stenoses and into injured 
tissues after infarction. 

Previously-identified growth factors that promote angio- 
genesis include the fibroblast growth factors, hepatocyte 
growth factor/scatter factor, PDGF and TGF-a. (See e.g., 
Folkman, Nature Med., 1:27-31 (1995); Friesel et al., 
FASEBJ., 9:919-25 (1995); Mustonen et.al..J. Cell. Biol, 
129:895-98 (1995). However, VEGF has been the only 
growth factor relatively specific for endothelial cells. The 
newly identified factors VEGF-B [Olofsson et al., Proc. 
Natl Acad. Sci., 93:2578-81 (1996)] and VEGF-C thus 
increase our understanding of the complexity of the specific 
and redundant positive signals for endothelial cells involved 
in vasculogenesis, angiogenesis, permeability, and perhaps 
also other- endothelial functions. Expression studies using 
Northern blotting show abundant VEGF-C expression in 
heart and skeletal muscle; other tissues, such as placenta, 
ovary, small intestine, thyroid gland, kidney, prostate, 
spleen, testis and large intestine also express this gene. 
Whereas P1GF is predominantly expressed in the placenta, 
the expression patterns of VEGF, VEGF-B and VEGF-C 
overlap in many tissues, which suggests that members of the 
VEGF family may form helerodimers and interact to exert 
their physiological functions. 

Targeted mutagenesis leading to inaciivation of the VEGF 
receptor loci in the mouse genome has shown that VEGFR-1 
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is necessary for the proper organization of endothelial cells 
forming the vascular endothelium, while VEGFR-2 is nec- 
essary for the generation of both endothelial and hemato- 
poietic cells. This suggests that the four genes of the VEGF 
family can be targets for mutations leading to vascular 
malformations or cardiovascular diseases. 

The following Examples illustrate preferred embodiments 
of the invention, wherein the isolation, characterization, and 
function of VEGF-C, VEGF-C variants and analogs, VEGF- 
C-encoding nucleic acids, and anti-VEGF-C antibodies 
according to the invention are shown. 

EXAMPLE 1 

Production of pLTRFlt41 Expression Vector 

The identification and isolation of two forms of FU4 
receptor tyrosine kinase (VEGFR-3) GDNA(Flt4 short form 
(Flt4s), Genbank Accession No. X6S203, SEQ ID NO: 1; 
and Fll4 long form, (FU41), Genbank Accession Nos. 
X6S203 and S66407, SEQ ID NO: 2) was reported in U.S. 
patent application Scr. No.. 08/340,011, filed Nov. 14, 1994, 
incorporated by reference herein. An Flt4 expression vector 
designated pLTRFlt41 (encoding the long form of Flt4) was 
constructed using the pLTRpoly expression vector reported 
in Make-la et al., Gene, 118: 293-294 (1992) (Genbank 
accession number X60280, SEQ ID NO: 3) and the Flt4 
cDNAs, in the manner described in commonly-owned PCT 
patent application PCT/F1 96/00427, filed Aug. 1, 1996, and 
commonlv-owne'd U.S. patent application Ser. Nos. 08/671, 
573, .filed Jun. 28, iy96; 08/601,132, filed Feb. 14, 1996; 
08/585,895, filed .Tan. 12, 1996; and 08/510,133, filed Aug. 
1, 1995, all of which are incorporated by reference in their 
entirety. 

EXAMPLE 2 
Production and Analysis of FU41 Transfcclcd .Cells 

NIH 3T3 cells (60% confluent) were co-transfcctcd with 
5 micrograms of the pLTRFU41 construct and 0.25 micro- 
grams of the pSV2neo vector containing the neomycin 
phosphotransferase gene (Southern et al, J. Mol. Appl 
Genet., 1:327 (1982)), using the DOTAP liposome -based 
transfection reagents (Boehringer-Mannheim, Mannheim, 
Germany). One day after transfection, the cells were trans- 
ferred* into selection media containing 0.5 mg/ml gencticin 
(GIBCO, Grand Island, N.Y.). Colonies of geneticin- 
resistant cells were isolated and analyzed for expression of 
the Flt4 proteins. Cells were lysed in boiling lysis buffer 
containing 3.3% SDS and 125 mM Tris, pH 6.8. Protein 
concentrations of the samples were measured by the BCA 
method (Pierce, Rockford, 111.). About 50 micrograms of 
protein from each lysatc were analy7ed for the presence of 
Flt4 by 6% SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) and immunoblotting using antisera against the car- 
boxyl terminus of FH4. Signals on- Western blots were 
revealed using the ECL method (Amersbatn). 

For production of anti-Flt4 antiserum, the Fll4 cDNA 
fragment encoding the 40 carboxy-terminal amino acid 
residues of the Flt4 short form: NH2-PMTPTTYKG SVD- 
NQTDSGM VLASEEFEQI ESRHRQESGFR-COOH 
(SEQ ID NO: 4) was cloned as a 657 bp EcoR I -fragment 
into the pGEX-D.T bacterial expression vector (Pharmacia- 
LKB, Inc., Uppsala, Sweden) in frame with the glutathione- 
s-transferase coding region. The resultant GST-Flt4S fusion 
protein was produced in E. coli and purified by affinity 
chromatography using a glulalhione-Sepharose 4B column. 
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The purified protein was iynphilizcd. dissolved in 
phosphate -buffered saline (PBS), mixed with Fre unci's adju- 
vant and used for immunization of rabbits at bi-weekly 
intervals using methods standard in the art (Harlow et al.. 
Antibodies: A Laboratory Manual CCold Spring Harbor 5 
Laboratory Press, 198&)). Antisera were used, after the 
fourth booster immunization, for immunoprecipitaiion of 
FH4 from transfected cells. Cell clones expressing Flt4 were 
also used for ligand stimulation analysis. 

u 

EXAMPLE 3 

Construction of a Fll4 EC Baculovirus Vector and 
Expression and Purification of its Product 

Using the pVTBac plasmid described in Tessier el al.. 1-1 
Gene 9S:177-1S3 (1991), and the Flt4 cDNAs described in 
Lxample 1, a baculovirus expression vector was constructed 
to facilitate expression of the extracellular domain of FU4 
(Flt4 EC), as described in commonly-owned PCT patent 
application PCT/FI 96/0042 7, filed Aug. 1, 1996, and 1Z 
commonlv-owned U.S. patent application Ser. Nos. OS/671, 
573, filed" Jun. 28, 1996; OS/601,132, filed Feb. 14, 1996: 
08/585,895, filed Jan. 12, 1996; and 0S/5KU33, tiled Aug. 
1, 1995, all of which are incorporated by reference herein. 
A nucleotide sequence encoding a fixHis tag was opcrativcly 
connected to the Flt4 EC coding sequence to facilitate 
purification. 

The Flt4EC construct was transfected together with bacu- 
lovirus genomic UNA into SF-9 cells by lipofection. 
Recombinant vims was purified, amplified and used for 
infection of High-Five cells (Invitrogen, San Diego. Calif.) 
using methods standard in the art. The Flt4 extracellular 
domain (FU4EC) was purified from the culture medium of 
the infected High-Five cells using Ni-NTA affinity chroma- ^ 
tograpliy according to manufacturer's instructions (Qiagen) 
for binding and elution of the 6xHis tag encoded in the 
COOH-tcrminus of the recombinant FU4 extracellular 
domain. 

EXAMPLE 4 4: 

Isolation of an Flt4 Ligand from Conditioned 
Media • 

A human Flt4 ligand according to the invention was 45 
isolated from media conditioned by a PC-3 prostatic adeno- 
carcinoma cell line (ATCC CRL 1435) in serum-free Ham's 
F-12 Nutrient mixture (G1BCO) (containing 1% fetal calf 
scrum (FCS)). Cells were rcsccdcd and grown in this 
medium, which was subsequently changed to serum-free 5d 
medium. The preparation of the conditioned media, and the 
identification of a component ^herein which stimulated Flt4 
tyrosine phosphorylation, are described in detail in 
commonly-owned PCT patent application PCT/FI 96/00427, ■ 
filed Aug. 1. 1996, and commonly-owned U.S. patent appli- 55 
cation Ser. Nos. 08/67 1 ,573, filed .lun. 28, 1 996; 08/601 , 132, 
filed Feb. 14, 1996; 0S/5S5.S95, filed Jan. 12,1996; 0S/510, . 
133, filed Aug. 1, 1995; and 08/340,01 1, filed Nov. 14, 1994 
now U.S. Pat. No 5,726,755, all of which are incorporated 
by reference herein in their entirely. The ability of the 60 
conditioned medium to stimulate Ht4 phosyphorylation was 
considerably increased when the PC-3 conditioned medium 
was concentrated four-fold using a Centricon-10 concentra- 
tor (Amicon). Pretreatment of the concentrated PC-3 con- 
ditioned medium with 50 microliters of FU4 extracellular 65 
domain coupled to CNBr-activated sepharose CL-4B 
(Pharmacia; about lmg of Flt4EC domain/ml sepharose 



resin) completely abolished Flt4 tyrosine phosphorylation. 
Similar pretreatment of the conditioned medium with unsub- 
stituted sepharose CL-4B did not affect stimulatory activity. 
Also, the flow through obtained after concentration, which 
contained proteins of less than 10.000 molecular weight, did 
not stimulate Flt4 phosphorylation. 

In another experiment, a comparison of Flt4 autophos-. 
phorylaiion in transformed N1H 3T3 cells expressing 
LTRFU41 was conducted, using unconditioned medium, 
medium from PC-3 cells expressing the FU4 ligand, or 
unconditioned medium containing either 50 ng. ml of 
VECF165 or 50 ng/ml of P1GF-L The cells were lyscd, 
immunoprccipitatcd using anti-FU4' antiserum and analysed 
by Western blotting using anti-phosphotyrosine antibodies. 
Only the PC-3 conditioned medium expressing the FU4 
ligand (lane Flt-4L) stimulated FU4 autophosphorylation. 

'lliese experiments showed that PC-3 cells produce a 
ligand which binds to the extracellular domain of FU4 and 
activates this receptor. 

EXAMPLE 5 
Purification of the Flt4 Ligand 

The ligand expressed by human PC-3 cells as character- 
ized in Example 4 was purified and isolated using a 
recombinantly-produced Flt4 extracellular domain (Fll4EC) 
in affinity chromatography. , 

Two harvests of serum-free conditioned medium, com- 
prising a total of 8 liters, were collected from 500 confluent 
15 cm diameter culture dishes containing confluent layers of 
PC-3 cells. The conditioned medium was clarified by cen- 
trif ugaiion at lO.OOOxg and concentrated 80-fold using an 
Ultrascttc Tangential Flow Device (Fillron, Northborough, 
Mass.) with a 10 kD cutoff Omega Ultrafiltration membrane 
according to the manufacturer's instructions. Recombinant 
Flt4 extracellular domain was expressed in a recombinant 
baculovirus cell system and purified by affinity chromatog- 
raphy on Ni-agarose (Ni-NTA affinity column obtained from 
Qiagen). l*he purified extracellular domain was coupled to 
CNBr-activatcd Sepharose CI.-4R at a concentration of 5 
mg/ml and used as an affinity matrix for ligand affinity 
chromatography. 

Concentrated conditioned medium was incubated with 2 
ml of the recombinant Flt4 extracellular domain-Scpharosc 
affinity matrix in a rolling tube at room temperature for 3 
hours. All subsequent purification steps were at +4° C. The 
affinity matrix was then transferred to a column with an 
inner diameter of 15 miu and washed successively with 100 
ml of PBS and 50 ml of 10 mM Na-phosphate bufler (pH 
6.8). Bound materia! was c'luted step-wise with 100 mM 
glycinc-HCl, successive 6 ml clutions having pHs of 4.0, 
2.4, and 1.9. Several 2 ml fractions of the eluate were 
collected in lubes containing 0.5 ml 1 M Na-phosphate (pH 
8.0). Fractions were mixed immediately and dialyzed in 1 
mM Tris-HCl (pH 7.5). Aliquots of 75 ,//l each were analyzed 
for their ability to stimulate tyrosine phosphorylation of 
Flt4. The ultrafiltrate, 100 u\ aliquots of the concentrated 
conditioned medium before and after ligand affinity 
chromatography, as well as 15-fold concentrated fractions of 
material released from the FH4 extracellular domain- 
Sepharose matrix during the washings were also analyzed 
for their ability to stimulate Flt4 tyrosine phosphorylation. 

The concentrated conditioned medium induced prominent 
tyrosine phosphorylation of Flt4 in transfected NIH 3T3 
cells overexpressing Flt4. This activity was not observed in 
conditioned medium taken after medium was exposed to the 
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Flt4 Scpharosc affinity matrix. The specifically -bound Flf4- 
siimulaiing material was retained on the affinity matrix after 
washing in PBS, 10 mM Na-phosphate buffer (pH 6.S), and 
at pH 4.0. li was eluted in the first two 2 ml aliquots at pH 
2.4. A further decrease of the pH of the clutiou buffer did not 5 
cause release of additional Flt4-stimulating material. No 
Fit 4 phosphorylation was observed in a control wherein 
FU4-cxprcssing cells were treated with unconditioned 
medium; similarly, no phosphorylation was observed fol- 
lowing treatment of Flt4 -expressing cells with the ultrafil- 
trate fraction of conditioned medium containing polypep- 
tides of less than 10 kD molecular weight. 

Small aliquots of the chromatographic fractions were 
concentrated in a SpeedVac concentrator (Savant, 
Farmingdale, N.Y.) and subjected., to SDS-PAGE under 15 
reducing conditions with subsequent silver staining of the 
gel, a standard technique in the art. The major polypeptide, 
having a molecular weight of approximately 23 kD 
(reducing conditions), was detected in the fractions contain- 
ing Flt4 stimulating activity. That polypeptide was not found 2 - 
in the other chromatographic fractions. On the other hand, 
besides- these bands and a very faint band having a 32 kD 
mobility, all other components detected in the two active 
fractions were also distributed in the starting material and in 
small amounts in the other washing and cluling steps after - 5 
their concentration. Similar results were obtained in three 
independent affinity purifications, indicating that the 23 kD 
polypeptide specifically binds to Flt4 and induces tyrosine 
phosphorylation of Fll4. 

Fractions containing the 23 kD polypeptide were 3u 
combined, dried in a SpeedVac concentrator and subjected 
to SDS-PAGE in a 12S% gel. The proteins from the gel 
were then electroblotted to Immobilon-P (PVDF) transfer 
membrane (Millipore, Marlborough, Mass.) and visualized 
by staining of the blot with Coomassie Blue R-250. The 35 
region containing only the stained 23 kD band was cut from 
the blot and subjected to N-terminal amino acid sequence 
analysis in a Prosite Protein Sequencing System (Applied 
Riosystcms, Foster City, Calif.).' The data were analyzed 
using a 610A Data Analysis System (Applied Biosystems). 4o 
Analvsis revealed a single N-terminal sequence of NT-K — 
XEETIKFAAAHYNTEILK — COOH (SEQ ID NO: 5)." 

EXAMPLE 6 

45 

Construction of PC-3 Cell cDNA Library in a 
Eukaryotic Expression Vector 

Human poly(A)"* RNA was isolated from rive 15 cm . 
diameter dishes of confluent PC-3 cells by a single step 53 
method using oligo(dT) (Type III, Collaborative Biomedical 
Products, Becton-Dickinson Labware, Bedford, Mass.) cel- 
lulose affinity chromatography (Sambrook et al.. 19S9). The 
yield was 70 micrograms. Six micrograms of the Poly(A)"" 
RNA were used to prepare an oligo(dT)-primed cDNA 55 
library in the mammalian expression vector pcDNA I and 
the Librarian kit of Invitrogen according to the instructions 
included in the kit. The library was estimated to contain 
about 10 & independent recombinants with an average insert 
size of approximately 1.8 kb. 62 

EXAMPLES 7-9 

Amplification of a CDNA Encoding the FIt4 

Ligand Amino Terminus 65 

The procedures used to isolate a cDNA encoding the FU4 
ligand are described in detail in commonly-owned PCT 
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patent application PCT/Fl 96/004 27, filed Aug. 1, 1996, and 
commonlv-owned U.S. patent application Ser. Nos. 08/671, 
573. tiled Jun. 28, 1996; 08/601,132, filed Feb. 14. 1996; 
08/585,895, filed Jan. 12, 1996; and 08/510.133, filed Aug. 
1, 1995, all of which are incorporated by reference herein. 
Initially, degenerate oligonucleotides were designed based, 
on the N-tcrminal amino acid sequence of the isolated 
human Fli4 ligand and were used as primers in a polymerase 
chain reaction (PCR) to amplify a partial cDNA encoding 
the (fully-processed) FU4 ligand amino terminus from the 
PC-3 cDNA library. The amplified cDNA fragment was 
cloned into a pCR 11 vector (Invitrogen) using the TA 
cloning kit (Invitrogen) and sequenced using the radioactive 
dideoxynucleotide sequencing method of Sanger. Six clones 
were analyzed and all six clones contained the sequence 
encoding the expected peptide (amino acid residues 104-120 
of the Flt4 ligand precursor, SEQ ID NO: 8). Nucleotide 
sequence spanning the region from the third nucleotide of 
codon 6 to the third nucleotide of codon 13 (the extension 
region between the PCR primers) was identical in all six 
clones and thus represented an amplified product from the 
unique sequence encoding pan of the amino terminus of the 
Fll4 ligand. 

Based on the unique nucleotide sequence encoding the 
N-terminus of the isolated human Flt4 ligand. two pairs of 
nested primers were designed to amplify, in two nested PCR 
reactions, the complete 5'-end of the corresponding cDNAs 
from one microgram of DN A of the above-described PC-3 
cDNA library. One major product of about 220 bp and three 
minor products of about 270 bp. 150 bp, and 100 bp were 
obtained. 

The amplified fragment of approximately 220 bp was 
excised from an agarose gel. cloned into a pCRIl vector 
using the TA cloning kit, and sequenced. Three recombinant 
clones were analyzed and they contained the sequence 
5'-TCACTATAGGGAGACCCAAGCTTGGTACCGAG- 
CTCGGAl'CCACiAGTAACGGCCGCC AG TGTGGTG- 
Ct A ATTCG AC Q A A CTC ATG A - 
CTG TA C TCTA CC C A G AATATTG G AAAATG 
TACAAGTGTCAGCTAAGGCAAGGAGGCTGG 
CAACATAACAGAGAACAGGCCAACCTC 
A A CTC A AG G AC AG AAG AG ACTATA AAA 
TTCGCTGCAGCACACTACAAC -3' (SEQ ID NO: 6) The 
beginning of the sequence represents the vector and the 
underlined sequence represents the amplified product of the 
5"-end of the cDNA insert. 

Based upon the amplified 5-sequence of the clones 
encoding the amino terminus of the 23 kD human FU4 
ligand, two pairs of non-overlapping nested primers were 
designed to amplify the 3'-portion of the Flt4-ligand- 
encoding cDNA clones via PCR. Two DNA fragments were 
obtained, having sizes of 1350 bp and 570 bp.. Those 
fragments were cloned into a pCRIl vector and the inserts of 
the clones were sequenced. Both of these fragments were 
found to contain sequences encoding an amino acid 
sequence homologous lo the VEGF sequence. 

EXAMPLE 10 ' 

Screening the PC-3 Cell CDNA Library Using the 
5' PCR Fragment of Flt4 Ligand CDNA 
A 153 bp fragment encoding the 5' end of the Flt4 ligand 
was labeled with [ 32 P]-dCTP using the Klenow fragment of 
E. coli DNA polymerase I (Boehringer Mannheim). That 
fragment was used as a probe for hybridization screening of 
the amplified PC-3 cell cDNA library. 

Filter replicas of the library were hybridized with the 
radioactively labeled probe at 42° C. for 20 hours in a 
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solution containing 50^ formamidc, SxSSPE. 5xDcnhardl ; s 
solution, 0.1% SDS and (J.l mg'ral denatured salmon-sperm 
DNA. Filters were washed twice in lxSSC 0.19* SDS for 
30 minutes at room temperature, then twice for 30 minutes 
at 65° C. and exposed overnight. 5 

On the basis of autoradiography, 10 positive recombinant 
bacterial colonies hybridizing with the probe were chosen 
from the library. Plasm id DNA was purified from these 
colonies and analyzed by EcoRI and Noil digestion and 
agarose gel electrophoresis followed by ethidium bromide 1- 
staining. The ten plasmid clones were divided into three 
groups on the basis of the presence of insert sizes of 
approximately 1*7, 1.9 and 2.1 kb, respectively. Inserts of 
plasmids from each group were sequenced using the T7 
oligonucleotide as a primer and walking primers for subse- 1f; 
quent sequencing reactions. 

Sequence analysis showed that all clones contain the open 
reading frame encoding the NH2-tcrminal sequence of the 
23 kD human Flt4 ligand. Dideoxy sequencing was contin- 
ued using walking primers in the downstream direction. A "***" 
complete human cDNA sequence and deduced amino acid 
sequence from a 2 kb cIodc is set forth in SEQ ID NOs: 7 
and S, respectively- A putative cleavage site of a "prepro" 
leader sequence is located between residues 102 and 103 of 
SEQ ID NO: 8. When compared with sequences in the ^ 
GenBank Database, the predicted protein product of this 
reading frame was found to be homologous with the pre- 
dicted amino acid sequences of the PDGF/VEGF family of 
growth factors, as shown in FIGS. 2 A. 2B and 2 C. ^ 

Plasmid pFLT4-L, containing the 2.1 kb human cDNA 
clone in pcDNAI vector, has been deposited with the Ameri- 
can Type Culture Collection, 12301 Parklawn Drive, 
Rockville, Md. 20852 as accession number 97231. 

EXAMPLE 11 " 

Stimulation of Flt4 Autophosphorylation by the 
Protein Product of the Flt4 Ligand Vector 

The 2. 1 kb human cDNA insert of plasmid pFlt4-L, which *z 
contains the open reading frame encoding the sequence 
shown in SEQ ID NOs: 7 and 8; Human prepro-VEGF-C. see 
below), was cut out from the pcDNAI vector using Hindlll 
and Notl restriction enzymes, isolated from a preparative 
agarose gel, and ligatcd to the corresponding sites in the 45 
pREP7 expression vector (Invitrogen). The pREP7 vector 
containing the pFlt4-L insert was transfected into 293- 
EBNA cells (Invitrogen) using the calcium phosphate traps- 
fection method (Sambrook et al., 19S9). About 4S hours 
after transfection the medium of the transfected cells was $r 
changed to DMCM medium lacking fetal calf serum and 
incubated for 36 h. The conditioned medium was then 
collected, cenlrifuged at 5000xg for 20 minutes, the super- 
natant was concentrated 5-fold using Centriprep 10 
(Amicon) and used to stimulate NIH 3T3 cells expressing 55 
LTRFH41 (the Flt4 receptor) as in Example 4. The cells were 
lysed, immuuoprecipitated using anti-Fll4 antiserum and 
analyzed by Western blotting using anti-phosphotyrosine 
antibodies. 

The conditioned medium from two different dishes of the 60 
transfected cells stimulated Fll4 autophosphorylation in 
comparison with the medium from mock-transfected cells, 
which gave only background levels of phosphorylation of 
the Flt4 receptor. When the concentrated conditioned 
medium was pre-absbrbed with 20 microliters of a slurry of 65 
FU4EC domain coupled to Sepharose (see example 4), no 
phosphorylation was obtained, showing that the activity 
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responsible for Flt4 autophosphorylation was indeed the 
Flt4 ligand. Tnus. these results demonstrate that an expres- 
sion vector having an approximately 2.1 kb insert and 
containing an open reading frame as shown in SEQ ID NO: 
7 is expressed as a biologically active Flt4 ligand (VEGF-C) 
in transfected cells. The sequence encoded by that open 
reading frame is shown in SEQ ID NO: 8. 

The deduced molecular weight of a polypeptide consist- 
ing of the complete amino acid sequence in SEQ ID NO: 8 
(residues 1 to 419) is 46,883. The deduced molecular weight 
of a polypeptide consisting of amino acid residues 103 to 
419 of SEQ ID NO. 8 is 35,881. The Flt4 ligand purified 
from PC-3 cultures had an observed molecular weight of 
about 23 kD as assessed by SOS-PAGE under reducing 
conditions. Thus, it appeared that the Fli4 ligand mRNA was 
translated into a precursor polypeptide, from which the 
mature ligand was derived by proteolytic cleavage. Also, the 
Flt4 ligand may be glycosylated at three putative N-linked 
glycosylation sites conforming to the consensus which can 
be identified in the deduced Flt4 ligand amino acid sequence 
(N-residues underlined in FIGS. 2A, 2B and 2C). 

The- carboxyl terminal amino acid sequences, which 
increase the predicted molecular weight of the Flt4 ligand 
subunit in comparison with other ligands of this family, 
show a pattern of spacing of cysteine residues reminiscent of 
the Balbiani ring 3 protein (BR3P) sequence (Dignam et al., 
Gene, 88:133-140 (1990)). Such a sequence may encode an 
independently folded domain present in a Flt4 ligand pre- 
cursor and it may be involved, for example, in the regulation 
of secretion, solubility, stability, cell surface localization or 
activity of the Flt4 ligand. Interestingly, at least one cysteine 
motif of the BR3P type is also found in the VEGF carboxy 
terminal amino acid sequences. 

Thus, the Flt4 ligand MRNA appears first to be translated 
into a precursor from the MRNA corresponding to the cDNA 
insert of plasmid FLT4-L, from which the mature ligand is 
derived by proteolytic cleavage. To define the mature FU4 
ligand polypeptide, one first expresses the cDNA clone 
(which is deposited in the pcDNAI expression vector) in 
cells, such as COS cells. One uses antibodies generated 
against encoded polypeptides, fragments thereof, or bacte- 
rial Flt4 fusion proteins, such as a GST : fusion protein, to 
raise antibodies against the VEGf-homologous domain and 
the amino- and carboxyl-terminal propeptides of Flt4 ligand. 
One then follows the biosynthesis and processing of the Flt4 
ligand in the transfected cells by pulse-chase analysis using 
radioactive cysteine for labelling of the cells, 
immunoprecipitation, and gel electrophoresis. Using anti- 
bodies against the three domains of the product encoded by 
the cDNA insert of plasmid FLT4-L, material for radioactive 
or nonradioactive amino -terminal sequence analysis is iso- 
lated, i "he determination of the amino-terminal sequence of 
the mature VEGF-C polypeptide allows for identification of 
the amino-terminal proteolytic processing site. The deter- 
mination of the amino-terminal sequence of the carboxyl- 
terminal propeptide will give the carboxyl-terminal process- 
ing site. This is confirmed by site -directed mutagenesis of 
the amino acid residues adjacent to the cleavage sites, which 
would prevent the cleavage. 

The Fll4 ligand is further characlerizeable by progressive 
3" deletions in the 3' coding sequences of the Flt4 ligand 
precursor clone, introducing a stop codon resulting in 
carboxy-terminal truncations of its protein product. The 
activities of such truncated forms are assayed by, for 
example, studying Flt4 autophosphorylation induced by the 
truncated proteins when applied to cultures of cells, such as 
NIH 3T3 cells expressing LTRFlt4i. By extrapolation from 
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studies of the structure of the related platelet derived growth 
factor (PDGF. He Id in et al.. Growth Factors, 8:245-252 
(1993)) one determines that the region critical for receptor 
activation by the Flt4 ligaQd is contained within the first 
approximately ISO amino acid residues of the secreted 5 
VEGF-C protein lacking the putative 102 amino acid prepro 
leader (SEQ ID NO: residues 103-282), and apparently 
within the first approximately I 20 amino acid residues (SEQ 
ID NO: 8, residues 103-223). 

Ou the other hand, the difference between the molecular 
weights observed for" the purified ligand and deduced from 
the open reading frame of the I~ll4 ligand clone may be due 
to the fact that the soluble ligand was produced from an 
alternatively spliced MRNA which would also be present in 
the PC-3 cells, from which the isolated ligand was derived. 1? 
To isolate- such alternative cDNA clones one uses cDNA 
fragments of "the deposited clone and PCR primers made 
according to the sequence provided as well as techniques 
standard in the art to isolate or amplify alternative cDNAs 
from the PC-3 cell cDNA library. One may also amplify 2 - 
using reverse transcription (RT)-PCR directly from the PC-3 
MRNA using the primers provided in the sequence of the 
CDNA insert of plasmid FLT4-L. Alternative cDNA 
sequences are determined from the resulting cDNA clones. 
One can also isolate genomic clones corresponding to the 
Plt4 ligand MRNA transcript from a human genomic DNA 
library using methods standard in the art and sequence such 
clones or their subcloned fragments to reveal the corre- 
sponding exons. Alternative exons can then be identified by 
a number of methods standard in the art, such as heterodu- 33 
plex analysis of CDNA and genomic DNA, which are 
subsequently characterized. 

EXAMPLE 12 

•Expression of the Gene Encoding VEGF-C in 
Human Tumor Cell Lines 

Expression of transcripts corresponding to the Flt4 ligand 
(VEGF-C) was analyzed by hybridization of Northern blots 4 „ 
containing isolated poly(A)* RNA from HT-10S0 and PC-3 
human tumor cell lines. The probe was the radioaetively 
labelled insert of the 2.1 kb cDNA clone (pFlt4-L/VEGF-C 
specific activity 10 8 -10 5 cpm/mg of DNA). The blot was 
hybridized overnight at 42° O using 50% formamidc, 4 _ 
5xSSPE bufTer, 2% SDS, lOxDenhardr's solution, 100 ~ 
mg/ml salmon sperm DNA and 1x10° cpm of the labelled 
probe/ml. The blot was washed at room temperature for 
2x30 minutes in 2xSSC containing 0.05% SDS, and then for 
2x20 minutes at 52° C. in O.lxSSC containing 0,1% SDS. 5 „ 
The blot was then exposed at -70° C. for three clays using 
intensifying screens and Kodak XAR film. Roth cell lines 
expressed an Flt4 lioand mRNAof about 2,4 kb, as well as 
VEGF and VEGF-B mRNAs. 

EXAMPLE 13 

VEGF-C Chains Are Protcolytically Processed 
After Biosynthesis and Disulfide Linked 

The predicted molecular mass of a secreted human 
VEGF-C polypeptide, as deduced from the VEGF-C open 
reading frame, is 46.883 kD, suggesting that VEGF-C 
mRNA may be first translated into a precursor, from which 
the observed ligands of 21/23 kD and 29/32 kD are derived 
by proteolytic cleavage. 

This possibility was explored by metabolic labellinc of 
293 EBNA cells expressing VEGF-C. Initially, 293 EBNA 



cells were transfected with the VEGF-C cDNA construct. 
Expression products were labeled by the addition of 100 
«Ci/ml of Pro- mix™ L-[ J5 S] in vitro cell labelling mix 
((containing 3? S-methionine and ?5 S-cysteine) Amersham, 
Buckinghamshire, England) to the culture medium devoid of 
cysteine and methionine. .After two hours, the cell layers 
were washed twice with PBS and the medium was then 
replaced with DMEM-0.2^. RSA. After i, 3, 6, 12 and 24 
hours of subsequent incubation, the culture medium was 
collected, clarified by centrifugation, and concentrated, and 
human VEGF-C was bound to 30 id of a slurry of FU4EC- 
Sepharose overnight al +4 C C, followed by three washes in 
PBS ; two washeVin 20 mM Tris-HCl (pri 7.5), alkylation, 
SDS-PAGE and autoradiography. Alkylation was carried out 
by treatment of the samples with 10 mM 1,4 Dithiothreitol 
(Boehringer-Mannheim, Mannheim, Germany) for one hour 
at 25 c C, and subsequently with 30 mM iodoacetamide 
(Fluka, Buchs, Switzerland). 

These experiments demonstrated that a putative precursor 
polypeptide of 32 kD apparent molecular mass was bound to 
the FU4EC affinity matrix from the conditioned medium of 
metabolically labelled cells transfected with the human 
VEGF-C expression vector (FIG. 3A), but not from mock 
(M) transfected cells. Increased amounts of a 23 kD receptor 
binding polypeptide accumulated in the culture medium of 
VEGF-C transfected cells during a subsequent chase period 
of three hours, but not thereafter (lanes 2—4 and data not 
shown), suggesting that the 23 kD form is produced by 
proteolytic processing, which is incomplete, at least in the 
transiently transfected cells. The arrows in FIG. 3A indicate 
the 32 kD and 23 kD polypeptides of secreted VEGF-C. 
Subsequent experiments showed that the 32 kD VEGF-C 
form contains two components migrating in the absence of 
alkylation as polypeptides of 29 and 32^kD (FIGS. 6-8). 

In a related experiment, human VEGF-C isolated using 
Flt4EC-Sepharose after a 4 h continuous metabolic labelling 
was analyzed by polyacrylamide gel electrophoresis in non- 
reducing conditions (FIG. 3B). Higher molecular mass 
forms were observed under no n reducing conditions, sug- 
gesting that the VEGF-C polypeptides can form disulfide- 
linked dimers and/or multimers (arrows in FIG. 3B). 

Additional experiments have shown that higher molecular 
mass forms of VEGF-C (about 58 kD and about 43 kD) are 
observed under reducing conditions as well. (Sec below and 
FIGS. 6A and 14A.) 

EXAMPLE 14 

Stimiulation Of VEGPR-2 Autophosphorylation By 
VEGF-C 

Conditioned medium (CM) from 293 EBNA cells trans- 
fected with the human VEGF-C vector also was used to 
stimulate porcine aortic endothelial (PAE) cells expressing 
VEGFR-2 (Kdr). Pajusola et al., Oncogene, 9:3545-55 
(1994); Waltenberger et al., J, Biol. Chem. : 
269:26988-26995 (1994). The cells were lysed and immu- 
noprecipitated using VEGFR-2-specific antiserum 
(Waltenberger ct al., 1994). 

PAE-KDR cells (Waltenberger el al., 1994) were grown in 
Ham's F12 medium-10% fetal calf serum (FCS). Confluent 
Mill 3T3-FH4 cells or PAE-KDR cells were starved over- 
night in DMEM or Ham''s F12 medium, respectively, 
supplemented with 0.2% bovine serum albumin (BSA), and 
then incubated for 5 minutes with the analyzed media. 
Recombinant human VEGF (R&D Systems) and PDGF-BB, 
functional as stimulating agents, were used as controls. The 
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cells were washed twice with ice-cold Tris- "Buffered Saline 
(TBS) containing 100 mM sodium orthovanadaie and lysed 
in RIPA buffer containing i mM phenyl meihylsulionyl 
fluoride (PMSF). 0.1 U-ml aprotinin and 1 mM sodium 
orthovanadaie. The lysates were sonicated, clarified by 
cemrifugation at 16.000xg for 20 minutes and incubated for 
3-6 hours on ice with 3-5 ti\ of antiscra specific for Flt4 
(Pajusola et a!., 1993), VEGFR-2 or PDGFR-p (Claesson- 
Wclsh et al., J. Biol. Chem., 264:1742-1747 (19S9); Walt- 
enberger et al., 1994). Immunoprecipitates were bound to 
proteiu A-Sepharose, washed three times with RIPA buffer 
containing 1 mM PMSF, 1 mM sodium orthovanadaie, 
washed iwice with 10 mM Tris-IICl (pll 7 .4), and subjected 
to SOS-PAGE using a 1% gel. Polypeptides were transferred 
to nitrocellulose by Western blotting and analyzed using 
PY20 phosphotyrosine-specific monoclonal antibodies 
(Transduction Laboratories) or receptor-specific antiserum 
and the ECL detection method (Ainershain Corp.). 

PAE cells expressing VEGFR-2 were treated with 10- or 
2-fold concentrated medium from mock-transfected 293- 
EBNA cells, or with 2-. 5- or 10- fold concentrated medium 
from 293-EBNA cell cultures expressing the recombinant 
VEGF-C. VEGFR-2 was immunoprcci pita ted with specific 
antibodies and analyzed by SDS-PAGE and Western blotting 
using phosphotyrosine antibodies. For comparison, the treat- 
ments were also carried out with non-conditioned medium 
containing 50 ng/ml of purified recombinant VEGF. Addi- 
tional cells were also treated with VEGF-C- or VEGF- 
containing media pretreated with Flt4EC. 

The results of this experiment were as follows. A basal 
level of tyrosine phosphorylation of VEGFR-2 was detected 
in cells stimulated by CM from the mock-transfcctcd cells. 
A further concentration of this medium resulted in only a 
slight enhancement of VEGFR-2 phosphorylation. CM con- 
taining recombinant VEGF-C stimulated tyrosine autophos- 
phorylation of VEGFR-2 and the intensity of the autophos- 
phorylaled polypeptide band was increased upon 
concentration of the VEGF-C CM. Furthermore, the stimu- 
lating effect was abolished after pretrcatmcnt of the medium 
with the FU4EC affinity matrix. The maximal effect of 
VEGF-C in this assay was comparable to the effect of 
recombinant VEGF added to unconditioned medium at 
concentration of 50 ng/ml. Prctrealment of the medium 
containing VEGF with Flt4EC did not abolish its stimulating 
effect on VEGFR-2. These results suggest that the VEGF-C 
expression vector encodes a iieand not onlv for Flt4 
(VEGFR-3), but also for Kdr/Flk-1 (VEGFR-2). 

In order to further confirm that the stimulating effect of 
VEGF-C on tyrosine phosphorylation of VEGFR-3 and - 
VEGFR-2 was receptor-specific, we analyzed the effect of 
VEGF-C on tyrosine phosphorylation of PDGF receptor f> 
(PDGFR-[3) which is abundantly expressed on fibroblastic 
cells. PDGFR-f5-expressing NIH 3T3 cells were treated with 
uon- conditioned medium, 5 -fold concentrated CM from 
mock-transfected or VEGF-C-transfected cells, or with non- 
conditioned medium containing 50 ng/ml of recombinant 
human PDGF-BB. Medium containing VEGF-C was also 
pretreated with recombinant Flt4EC (lane 4). PDGFR-(3was 
immunoprecipiiated with specific antibodies and analyzed 
by SDS-PAGE and Western blotting using phosphotyrosine 
antibodies with subsequent stripping and reprobing of the 
membrane with antibodies specific for PDGFR-|3. A weak 
tyrosine phosphorylation of PDGFR-p was detected upon 
stimulation of Flt4-expressing NIH 3T3 cells with CM from 
the mock-transfected cells. A similar low level of PDGFR-p 
phosphorylation was observed when the cells were incu- 
bated with CM from the VEGF-C transfected cells, with or 



without prior treatment with Flt4EC. In contrast, the addi- 
tion of 50 ng.ml of PDGF-BB induced a prominent tyrosine 
auiophosphorylation of PDGFR-p. 

EXAMPLE 15 

VEGF-C Stimulates Endothelial Cell Migration In 
Collagen Gel 

Conditioned media (CM) from cell cultures transfected 
with the VEGF-C expression vector was placed'in a well 
made in collagen gel and used to stimulaic the migration of 
bovine capillary endothelial (BCE) cells in the three- 
dimensional collagen gel as follows. 

BCE cells (Folkman et al.. Proc. Natl Acad. Set. (USA), 
76:5217-5221 (1979)) were cultured as described in Per- 
lovaara et al.. J. Bioi. Chem., 269:6271-74 (1994). The 
collagen gels were prepared hy mixing type 1 collagen stock 
solution (5 mg'ml in 1 mM HC1) with an equal volume of 
2xMEM and 2 volumes of MEM containing 109c newborn 
calf serum to give a final collagen concentration of 1.25 
ing/ml. The tissue culture plates (5 cm diameter) were 
coated with about 1 mm thick layer of the solution, which 
was allowed lo polymerize at 37° C. BCE cells were seeded 
on lop of this layer. For the migration assays, the cells were 
allowed to attach inside a plastic ring (1 cm diameter) placed 
on top of the first collagen layer. After 30 minutes, the ring 
was removed and unattached cells were rinsed away. A 
second layer of collagen and a layer of growth medium (5% 
newborn calf serum (NCS)), solidified by 0.75% low' melt- 
ing point agar (FMC BioProciucls, Rockland, Mc), were 
added. A well (3 mm diameter) was punched through all the 
layers on both sides of the cell spot at a distance of 4 mm, 
and the sample or control media were pipetted daily into the 
wells. Photomicrographs of the cells migrating out from the 
spot edge were taken after six days-through an Olympus CK 
2 inverted microscope equipped with phase -contrast optics. 
The migrating cells were counted after nuclear staining with 
the fluorescent dye bisbenzimide (1 mg/ml, Hoechst 33258, 
Sigma). 

FIG. 4 depicts a comparison of the number of cells 
migrating at different distances from the original area of 
attachment towards wells containing media conditioned by 
the non-transfected (control) or transfected (mock; VEGF- 
C; VEGF) cells, 6 days after addition of the media. The 
number of cells migrating out from the original ring of 
attachment was counted in five adjacent 0.5 mmx0.5 mm 
squares using a microscope ocular lens grid and lOx mag- 
nification with a fluorescence microscope. Cells migrating 
further lhan 0.5 mm were counted in a similar way by 
moving the grid in 0.5 mm steps. The experiments were 
carried out twice with similar results, and medium values 
from the one of the experiments are presented with standard 
error bars. As can be seen from the columns, VEGF-C- 
conlaining CM stimulated cell migration more than medium 
conditioned by the non-transfected or mock-transfected cells 
but less than medium from cells transfected with a VEGF 
expression vector. Daily addition of 1 ng of FGF2 into the 
wells resulted in the migration of approximately twice the 
number of cells when compared to the stimulation by CM 
from VEGF- transfected cells. 

In related experiments, a "recombinantly-matured" 
VEGF-C polypeptide (VEGF-C ANACHis, described 
below) was shown to stimulate the incorporation of 
3 H-thymidine into the DNA of BCE cells in a dose depen- 
dent manner (VEGF-C concentrations of 0, 10, 100, and 
1000 pM tested). This data tends to confirm the observation, 
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immunization of rabbits ai hi -weekly intervals using meth- 
ods standard in the art (Harlow and Lane, Antibodies, a 
laboratory manual, Cold Spring Harbor Laboratory Press 
(1983)). Antisera obtained after the fourth booster immuni- 
zation was used for immunoprectpitatioii of VEGF-C in 
pulse-cbase experiments, as described below. 

Tor pulse -chase analysis, 293 EBNA celis transfectcd 
with a VEGF-C expression vector (i.e., the FT.T4-T . CDS A 
inserted into the pREP7 expression vector as described 
above) were incubated for 30 minutes in methionine-free, 
cysteine-free, serum-free DMEM culture medium at 37 3 C 
The medium was then changed, and 200 «Ci of Pro-mix™ 
(Amersham), was added. The cell layers were incubated in 
this labeling medium for two hours, washed with PBS. and 
incubated for 0, 15, 30, 60, 90, 120, or I R0 minutes in 
serum -free DMEM (chase). After the various chase periods, 
the medium was collected, the cells were again washed two 
times in PBS, and lysed in immunoprecipitation buffer. The 
VEGF-C polypeptides were analyzed from both the culture 
medium and from the cell lysates by immunoprecipitation, 
using the VEGF-C-spccific antiserum raised against the 
NH ; -terminal peptide (PAM126) of the 23 kD VEGF-C 
form. Immunoprecipitated polypeptides were analyzed via 
SDS-PAGE followed by autoradiography. 

The resultant auioradiograms demonstrated that immedi- 
ately after a 2 hour labeling (chase time 0), the VEGF-C 
vector-transfected cells contained a radioactive polypeptide 
band of about 58 kD (originally estimated to he about 55 kD, 
and re-evaluated to be about 58 kD using different size 
standards), which was not observed in mock-transfected 
cells (M). Most of this -58 kD precursor undergoes dimer- 
izalion. This ~5S kD polypeptide band gradually diminished 
in intensity with increasing chase periods. A 32 kD polypep- 
tide band also is observed in VEGF-C transfected cells (but 
not mock-transfected cells). This 32 kD band disappears 
from cells with similar kinetics to that of the -5$ kD band. 
Additional analysis indicated that the 32 kD band was a 
doublet of 29 kD and 31-32 kD forms, held together by 
disulfide bonds. Simultaneously, increasing amounts of 32 
kD. and subsequently 23 kD and 14-15 kD polypeptides 
appeared in the medium. 

Collectively, the data from the pulse -chase experiments 
indicate that the ~5S kD intracellular polypeptide represents 
a pro-VEGF-C polypeptide, which is proteolytically cleaved 
either intracellular^ or at the cell surface into the 29 kD and 
31-32 kD polypeptides. The 29/31. kD form is secreted and 
simultaneously further processed by proteolysis into the 23 
kD and 14-15 kD forms. In additional experiments, disulfide 
linked dimcrs of the 29 kD and 15 kD forms were observed. 
Without intending to be limited to a particular theory, it is 
believed that processing of the VEGF-C precursor occurs as 
removal of a signal sequence, removal of the COOH- 
terminal domain (BR3P), and removal of an amino terminal 
polypeptide, resulting in a VEGF-C polypeptide having the 
TEE . . . amino terminus. 

At high resolution, the 23 kD polypeptide band appears as 
a closely -spaced polypeptide doublet, suggesting heteroge- 
neity in cleavage or glycosylation. 

EXAMPLE 20 

Isolation of Mouse and Quail CDNA Clones 
Encoding VEGF-C 

To clone a murine VEGF-C, approximately lxlO 6 bacte- 
riophage lambda clones of a commercially-available 12 day- 
mouse embryonal cDNA library (lambda EXlox library, 
Novagen, catalog number 69632-1) were screened with a 
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radiolabeled fragment of human VEGF-C CDNA containing 
nucleotides 495 to 1661 of SEQ ID NO: 7. One positive 
clone was isolated. ■ 

A 1323 bp EcoRI/HindlU fragment of the insert of the 

- isolated mouse cDNA clone was subcloned into the corre- 
sponding sites of the pRIucscript SK+ vector (Stratagcnc) 
and sequenced. The cDNA sequence of this clone was 
homologous to the human VEGF-C sequence reported 
herein, except that about 710 bp of 5'-end sequence present 

1- in the human clone was not preseut ill the mouse clone. 
For further screening of mouse cDNA libraries, a Hindlll- 
RstXT (HindIN site is from the pRluescript SK+ polyl inker) - 
fragment, of 881 bp from the coding region of the mouse 
cDNA clone was radiolabeled and used as a probe to screen 

1? two additional mouse cDNA libraries. Two additional cDNA 
clones from an adult mouse heart ZAP II cDNA library 

- (Slratagene, catalog number 936306) were identified. Three 
additional clones also were isolated from a mouse heart 
5'-stretch-plus cDNA library in /.gill (Clontech 

2C Laboratories, Inc., catalog number ML5002b). Of the latter 
three clones, one was found to contain an insert of about 1.9 
kb. The insert of this cDNAclone was subcloned into EcoRI 
sites of pBluescript SK+ vector and both strands of this 
clone were completely sequenced, resulting in the nucle- 

2:> otidc and deduced amino acid sequences shown in SEQ ID 
NOs: 10 and 11. 

It is contemplated that the polypeptide corresponding to 
SEQ ID NO: 11 is processed into a mature mouse VEGF-C 

; „ protein, in a manner analogous to the processing of the 
human VEGF-C p rep ropep tide. Putative cleavage sites for 
the mouse protein are identified using procedures outlined 
above for identification of cleavage sites for the human 
VEGF-C polypeptide. 

H The foregoing results demonsof polynucleotity of poly- 
nucleotides of the invention for identifying and isolating 
polynucleotides encoding other non-human mammalian 
VEGF-C proteins. Such identified and isolated 
polynucleotides, in turn, can be expressed (using procedures 

4: similar to those described in preceding examples) to produce 
recombinant polypeptides corresponding to non-human 
mammalian forms of VEGF-C. 

The mouse and human VEGF-C sequences were used to 
design probes for isolating a quail VEGF-C cDNA from a 

45 quail cDNA library. A fragment of the human VEGF-C 
cDNA comprising nucleotides 495-1670 of SEQ ID NO: 7 
was obtained by PCR amplification, cloned into the pCRII 
vector (Invitrogen) according to the manufacturer's 
instructions, and amplified. The insert was isolated by Eco 

5C RI digestion and preparative gel electrophoresis and then 
labelled usung radioactive dCTP and random priming. A 
cDNA library made from quail embryos of stage E-4 in 
pcDNA-1 vector (Invitrogen) was then screened using this 4 
probe. About 200,000 colonies were plated and filter replicas 

55 were hybridized with the radioactive probe. Nine positive 
clones were identified and secondarily plated. Two of the 
nine clones hybridized in secondary screening. The purified 
clones (clones 1 and 14) had approximately 2.7 kb Eco RI 
inserts. Both clones were amplified and then sequenced 

63 using the T7 and SP6 primers (annealing to the veclur). In 
addition, an internal Sph 1 restriction endonuclease cleavage 
site was identified about 1.9 kb from the T7 primer side of- 
Ihe vector and used for subcloning 5'- and 3'- Sph I 
fragments, followed by sequencing from the Sph I end of the 

65 subclones. The sequences obtained were identical from both 
clones and showed a high degree of similarity to the human 
VEGF-C coding region. Subsequently, walking primers 
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under light microscopy, thai VEGF-C stimulates prolifc ra- 
tion of these cells. 

EXAMPLE 16 
VEGF-C Is Expressed In Multiple Tissues 

Northern blots containing 2 micrograms of isolated poly 
{Ay RNA from multiple human tissues (blot from Clontech 
Laboratories, Inc., Palo Alto, Calif.) were probed with 
radioactively labelled insert of the 2.1 kb VEGF-C cDNA 3 ~ 
clone. Northern blotting and hybridization analysis showed 
that the 2.4 kb RNA aud smaller amounts of a 2.0 kb mRNA 
are expressed in multiple human tissues, most prominently 
in the heart, placenta, muscle, ovary and small intestine, and 
less prominently in prostate, colon, lung, pancreas, and 1fi 
spleen. Very little VEGF-C RNA was seen in the brain, liver, 
kidney, testis, or thymus and peripheral blood leukocytes 
(PBL) appeared negative. A similar analysis of RNA from 
human fetal brain, lung, liver, and kidney tissues showed 
that VEGF-C is highly expressed in the kidney and lung and 22 
to a lesser degree in the liver, while essentially no expression 
is detected in the brain. Interestingly, VEGF expression 
correlates with VEGF-C expression in these tissues, whereas 
VEGF-B is highly expressed in all four fetal tissues ana- 
lyzed. 25 

EXAMPLE 17 

The VEGF-C Gene Localizes To Chromosome 

4q34 jc 

A DNA panel of 24 interspecies somatic cell hybrids, 
which had retained one or two human chromosomes, was 
used for the chromosomal localization of the VEGF-C gene 
(Bios Laboratories, Inc., New Haven, Conn.). The proce- 
dures employed are described in detail in commonly-owned 
PCT patent application PCT/FI9 6/0042 7, filed Aug.'l, 1996, 
and commonly-owned U.S. patent application Ser. Nos. 
08/671,573, filed Jun. 28, 1996; OS/601,132, filed Feb. 14, 
1996; and 08/585,895, filed Jan. 12, 1996, all of which are 
incorporated by reference herein. 1 

In order to determine the chromosomal localization of the 
human VEGF-C gene, DNAs from human rodent somatic 
cell hybrids containing defined sets of human chromosomes 
were analyzed by Southern blotting and hybridization with 45 
a % VEGF«C cDNA probe. Among 24 DNA samples on the 
hybrid panel, representing different human chromosomes, 
hum an -specific signals were observed only in hybrids which 
contained human chromosome 4. The results were con- 
firmed by PCR of somatic cell hybrid DNAs using VEGF-C sz 
specific primers, where amplified bands were obtained only 
from DNAs containing human chromosome 4. 

A genomic Pi plasmid for VEGF-C was isolated using 
specific primers and PCR and verified by Southern blotting 
and hybridization using a VEGF-C specific cDNA probe. 55 
The chromosomal localization of VEGF-C was further stud- 
ied using meta phase FISH. Using the Pi probe tor VEGF-C 
in FISH a specific hybridization to 'the 4q34 chromosomal 
band was detected in 40 out of 44 mctaphascs. Douhle- 
fluorochrome hybridization using a cosmid probe specific ^3 
for the aspartylglucosaminidase (AG A) gene showed that 
VEGF-C is located just proximal to the AGA gene previ- 
ously mapped to the 4q34-35 chromosomal band. 

Biotin labelled VEGF-C PI and digoxigenin labeled AGA 
cosmid probes were hybridized simultaneously to 65 
metaphase chromosomes. This experiment demonstrated 
that the AGA gene is more lelomerically located than the 



VEGF-C genc. The foregoing .example demonstrates the 
utility of polynucleotides of the invention as chromosomal 
markers and for the presence or absence of the VEGF-C 
gene region in normal or diseased cells. The VEGF-C locus 
at 4q34 is a candidate target for mutations leading to 
vascular malformations or cardiovascular diseases. 

EXAMPLE IS 

Effect of Glucose Concentration and Hvpoxia on 
VEGF, VEGF-B and VEGF-C mRNA Levels in C6 
Glioblastoma Cells 

Confluent cultures of C6 cells (ATCC CCL 107) were 
grown on 10 cm diameter tissue culture plates containing 2.5 
ml of DM EM and 5% fetal calf serum plus antibiotics. The 
cultures were exposed for 16 hours to normoxia in a normal 
cell culture incubator containing 5% CO z or hypoxia by 
closing the culture plates in an airtight glass chamber and 
burning a piece of wood inside until the flame was extin- 
guished due to lack of oxygen. Polyadenylated RNA was 
isolated (as in the other examples), and 8 micrograms of the 
RNA was electrophoresed and blot-hybridized with a mix- 
ture of the VEGF, VEGF-B and VEGF-C probes. The results 
show that hypoxia strongly induces VEGF mRNA 
expression, both in low and high glucose, but has no 
significant effect on . the VEGF-B mRNA levels. The 
VEGF-C MRNA isolated from hypoxic cells runs slightly 
faster in gel electrophoresis and an extra band of faster 
mobility can be seen below the upper MRNA band. This 
observation suggests that hypoxia affects VEGF-C, RNA 
processing. One explanation for this observation is thai 
VEGF-C MRNA splicing is altered, affecting the VEGF-C 
open reading frame and resulting in an alternative VEGF-C 
protein being produced by hypoxic cells. Such alternative 
forms of VEGF-C and VEGF-C-cncoding polynucleotides 
are contemplated as an aspect of the invention. This data 
indicates screening and diagnostic utilities for polynucle- 
otides and polypeptides of the invention, such as methods 
whereby a biological sample is screened for the hypoxia- 
induced form of VEGF-C and/or VEGF-C MRNA. fhedata 
further suggests a therapeutic indication for antibodies and/ 
or other inhibitors of the hypoxia-induccd form of VEGF-C 
or the normal form of VEGF-C. 

EXAMPLE 19 

Pulse-Chase Labeling and Immunoprecipitation of 
VEGF-C Polypeptides From 293 EBNA Cells 
Transfected With VEGF-C Expression Vector. 

The following VEGF-C branched amino-terminal 
peptide, designated PAM126, was synthesized for produc- 
tion of anti- VEGF-C antiserum: 

NH-E-E-T-I-K-F-A-A-A-H-Y-N-T-E-I-L-K-COOH 
(SEQ ID NO: 9). 
In particular, PAM126 was synthesized as a branched polyl- 
ysine structure K3PA4 having four peptide acid (PA) chains 
attached to two available lysine (K) residues. The synthesis 
was performed on a 433A Peptide Synthesizer (Applied 
Biosystems) using Fmoc-chemistry and TemaGel S MAP 
RAM 10 resin mix (RAPP Polymere GmbH, Tubingen, 
Germany), yielding both cleavable and lesin-bouud pep- 
tides. The cleavable peptide was purified via reverse phase 
HPLC and was used together with the resin-bound peptide 
in immunizations. The correctness of the synthesis products 
were confirmed using mass-spectroscopy (Lasermatt). 

The PAM126 peptide was dissolved in phosphate buffered 
saline (PBS), mixed with Freuud's adjuvant, and used for 



6,130,071 



37 



38 



were made in both directions and doublc-sirandcd sequenc- 
ing was completed for 1743 base pairs, including the full- 
length open reading frame. 

The cDNA sequence obtained includes a long open read- 
ing frame and 5' untranslated region. The DNA and deduced - 
amino acid sequences for the quail CDNA are set forth in 
SEQ ID KOs: 12 and 13, respectively. Studies performed 
with the putative quail VEGF-C cDNA have shown that its 
proteiu product is secreted from transfected cells and inter- 
acts with avian VEGFR-3 and VLGFR-2, further confirming 1 
the conclusion that the'cDNA encodes a quail VEGF-C 
protein. As shown in FIG. 5. the human, murine, and avian 
(quail) VEGF-C precursor amino acid sequences share a 
significant degree of conservation. This high degree of 
homolog> permits the isolation of VEGF-C encoding 1 
sequences from other species, especially vertebrate species, 
and more particularly mammalian and avian species, using- 
polynucleotides of the present invention as probes and using 
standard molecular biological techniques such as those 
described herein. 2 

EXAMPLE 21 

N-terminal Peptide Sequence Analyses of 
Recombinant VEGF-C 

Cells (293 EBNA) transfected with VEGF-C CDNA (sec 
Example 13) secrete several forms of recombinant VEGF-C 
(FIG. 6A, lane IP). In the absence of alkylation. the three 
major, proteolytically-processed forms of VEGF-C migrate 
in SDS-PAGE as proteins with apparent molecular masses of 
32/29 kD (doublet), 21 kD and 15 kD. Two minor polypep- 
tides exhibit approximate molecular masses of 63 and 52 
kD, respectively. More precise size measurements (using 
SDS-PAGE under reducing conditions) revealed that the 
molecular masses of the VEGF-C forms that were initially . 
estimated as 63, 52, 32, 23, and 14 kD (using SDS-PAGE 
under reducing conditions and a different set of size 
standards) are approximately 58, 43, 31, 29, 21, and 15 kD, 
respectfully (the initial measurements in most cases falling 
within acceptable 10% error of the more precise t 
measurements). One of these polypeptides is presumably a 
glycosylated and non-processed form; the other polypeptide 
is presumably glycosylated and partially processed. 

To determine sites of proteolytic cleavage of the VEGF-C 
precursor, an immunoaffinity column was used to purify , 
VEGF-C polypeptides from the conditioned medium of 293 j 
EBNAcells transfected with VEGF-C cDNA. To prepare the ' 
immunoaffinity column, a rabbit was immunized with a 
synthetic peptide corresponding to amino acids 104-120 of 
SEQ ID NO: 8: II.N-EETHCFAAAIIYNTEILK (see < 
PAM126 in Example 19). The IgG fraction was isolated 
from the serum of the immunized rabbit using protein A 
Sepharose (Pharmacia). The isolated IgG fraction was 
covalently bound to CNBr-activated Sepharose CL-4B 
(Pharmacia) using standard techniques at a concentration of . 
5 mg lgG/ml of Sepharose. 'l*his immunoaffinity matrix was 
used to isolate processed VEGF-C from 1.2 liters of the 
conditioned medium (CM). 

Jhe purified material eluted from the column was ana- 
lyzed by gel elect rophoresis'and Western blotting. Fractions i 
containing VEGF-C polypeptides were combined, dialyzed 
against 10 mM Tris HC1, vacuum-dried, electrotransferred to 
Immobilon-P (polyvinylidene difluoride or PVDF) transfer 
membrane (Millipore, Marlborough, Mass.) and subjected to 
N-terminal amino acid sequeuce analysis. i 

The polypeptide band of 32 kD yielded two distinct 
sequences: NH--FESG LDLSDA' . . . and NH,- 



AVVMTQTPAS . . . (SEQ ID NO: T4), the former corre- 
sponding to the N-ierminal part of VEGF-C after cleavage 
of the signal peptide, starting from amino acid 32 (SEQ ID 
NO: S), and the latter corresponding to the kappa-chain of 
IgG, which was present in the purified material due to 
"leakage" of the affinity matrix during the elution procedure. 

In order to obtain the N-terminal peptide sequence of the 
29 kD form of VEGF-C, a construct (VEGF-C NHis) 
encoding a VEGF-C mutant was generated. In particular, the 
construct encoded a VEGF-C mutant that fused a 6xHis tag 
to the N-icr minus of the secreted precursor (i.e., between 
amino acids 31 and 33 in SEQ ID NO: 8). The phenylalanine 
at position 32 was removed to prevent possible cleavage of 
the lau, sequence during secretion of VEGF-C The VEGF-C 
NHis construct was cloned into pREP7 as a vector; the 
construction is described more fully in Example 2S. below. 

The calcium phosphate co- precipitation technique was 
used to transfect VEGF-C NHis into 293 EBNAcells. Cells 
were incubated in DMEM/lO'/l fetal calf serum in 15 cm cell 
culture dishes (a total of 25 plates). The following day, the 
cells were reseeded into fresh culture dishes (75 plates) 
containing the same medium and incubated for 48 hours. 
Cell layers were then washed -once with' PBS and DMEM 
medium lacking FCS was added. Cells were incubated in 
this medium for 48 hours and the medium was collected, 
cleared by centrifugation at 5000xg and concentrated 500x 
using an Ultraselle Tangential Flow Device (Filtron, 
Northborough, Mass.), as described in Example 5 above. 
VEGF-C NHis was purified from the concentrated condi- 
tioned medium using TALON™ Metal Affinity Resin 
(Clontech Laboratories, Inc.) and the manufacturer's proto- • 
col for native protein purification using imidazole- 
conlaining buffers. The protein was eluied with a solution 
containing 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 
200 mM imidazole. The eluted fractions containing purified 
VEGF-C NHis were detected by immunob lotting with Anti- 
serum 882 (antiserum from rabbit 882, immunized with the 
PAM-126 polypeptide). Fractions containing VEGF-C NHis 
were combined, dialyzed and vacuum-dried. As can be seen 
in FIG. 11, due to the presence of the 6xHis tag at the 
N-terminus of this form of VEGF-C, the upper component 
of the major doublet of the VEGF-CNHis migrates slightly 

! slower than the 32 kD form of wild type VEGF-C, thereby 
improving the separation of the VEGF-CNHis 32 kD mutant 
from the 29 kD band using SDS-PAGE. Approximately 15 
//g of the purified VEGF-C were subjected to SDS-PAGE 
under reducing conditions, electrotransferred to 
Immobilon-P (PVDF) transfer membrane (Millipore, Inc., 
Marlborough, Mass.) and the band at 29 kD was subjected 
to N-terminal amino acid sequence analysis. This sequence ' 
analysis revealed an N-terminal sequence of 
IKN-SLPAX . . . , corresponding lo amino acids 228-232 of 
VEGF-C (SEQ ID NO: 8). 

! The polypeptide band of 21 kD yielded the sequence 
H-,N-AHYNTEILKS . . . , corresponding lo an arnino- 
terminus starting at amino acid 112 of SEQ ID NO: 8. Thus, 
the proteolytic processing site which results in the 21 kD 
form of VEGF-C produced by transfected 293 EBNA cells 

' apparently occurs nine amino acid residues downstream of 
the cleavage site which results in the 23 kD form of VEGF-C 
secreted by PC-3 cells. 

The N-lerminus of the 15 kD form was identical lo the 
N-terminus of the 32 kD form (NI L -FES OLD LSD A . . . ). 

) The 15 kD form was not detected when recombinant 
VEGF-C was produced by COS cells. This suggests that 
production of this form is cell lineage specific. 

EXAMPLE 22 
Dimeric and Monomeric Formis of VEGF-C 
The composition of VEGF-C dimers was analyzed as 
follows. Cells (293 EBNA cells), transfected with the 
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pREP7 VEGF-C vector as described in Example 1 1 . were 
metabolically labelled with Pro- mix L- [ 3 "S] labelling mix 
(Amersham Corp.) to a final concentration of 100 aCvml. 

In parallel, a VEGF-C mutant, designated "R102S", was 
prepared and analyzed. To prepare the . DNA encoding 
VEGF-C-R102S, the argininc codon at position 102 of SEQ 
ID NO: 8 was replaced with a serine codon. This VEGF- 
C-Rl02S-encoding DNA. in a PREP 7 vector, was trans- 
fecied into 29? EBNA cells and expressed as described 
above. VEGF-C polypeptides were immunoprecipitated 
using antisera 882 (obtained by immunization of a rabbit 
with a polypeptide corresponding to residues 104-120 of 
SEQ ID NO: 8 (sec previous Example)) and antisera 905 
(obtained by immunization of a rabbit with a polypeptide 
corresponding to a portion of the prepro- VEGF-C leader: 
H,K-ESGLDLSDAEPDAGEATAYASK (residues 33 to 54 
of SEQ ID NO: 8). 

The immunoprccipitatcs from each cell culture were 
subjected to SDS-PAGE under non-denaturing conditions 
(FIG. 6B). Bands 1-6 were cut out from the gel, soaked for 
30 minutes in lxgel-loading buffer containing 200 mM 
(3-mercaploelhanol. and individually subjected to SDS- 
PAGE under denaturine conditions (FIGS. 6 A aod 6C. lanes 
1-6). 

As can be seen from FIGS. 6A-C, each high molecular 
weight form of VEGF-C (FIG. 6B ? bands 1-^1) consists of at 
least two monomers bound by disulfide bonds (Compare 
FIGS. 6Aand 6C, lanes 1—4, in the reducing gels). The main 
component of bands 1-3 is the doublet of 32/29 kD, where 
both proteins arc present in an cquimolar ratio. The main 
fraction of the 21 kD form is secreted as either a monomer 
or as a homodimer connected by means other than disulfide 
bonds (bands 6 and lanes 6 in FIGS. 6A-C). 

The R102S mutation creates an additional site for 
N-linked glycosylation in VEGF-C at the asparagine residue 
at position 100 in SEQ ID NO: 8. Glycosylation at this 
additional glycosylation site increases the apparent molecu- 
lar weight of polypeptides containing the site, as confirmed 
in FIGS. 6A-C and FIGS. 7A-B. The additional glycosy- 
lation lowers the mobility of forms of VEGF-C-R102S that 
contain the additional glycosylation site, when compared to 
polypeptides of similar primary structure corresponding to 
VEGF-C. FIGS. 6A-C and FIGS. 7A-B reveal that the 
VEGF-C-R102S polypeptides corresponding to the 32 kD 
and 15 kD forms of wt VEGF-C exhibit increased apparent 
molecular weights, indicating that each of these polypep- 
tides contains the newly introduced glycosylation site. In 
particular, the VEG1--C-R102S polypeptide corresponding 
to the 15 kD polypeptide from VEGF-C comigrates on a gel 
with the 21 kD form of the wild type (wt) VEGF-C, 
reflecting a shift on the gel to a position corresponding to a 
greater apparent molecular weight. (Compare lanes 4 in 
FIGS. 6A and 6C). The mobility of the 58 kD form of 
VEGF-C was slowed to 64 kD by the R102S mutation, 
indicating that this form contains the appropriate N-terminal 
peptide of VEGF-C. The mobilities of the 21, 29, and 43 kD 
forms were unaffected by the R102S mutation, suggesting 
that these polypeptides contain peptide sequences located 
C-terminally of R :0 ~- 

In a related experiment, another VEGF-C mutant, desig- 
nated "R226,227S, M was prepared and analyzed. To prepare 
a DNA encoding VEGF-C-R226,227S, the arginine codons 
at positions 226 and 227 of SEQ ID NO: S were replaced 
with serine codons by site-directed mutagenesis. The result- 
ant DNA was transfected into 293 EBNA cells as described 
above and expressed and analyzed under the same condi- 



tions as described for VEGF-C and VEGF-C-R 102S. In the 
conditioned medium from the cells expressing VEGF-C- 
R226.227S. no 32 kD form of VEGF-C was detected. These " 
results indicate that a C-terminal cleavage site of wild-type 
VEGF-C is adjacent to residues 226 and 227 of SEQ ID NO: 
S, and is destroyed by the mutation of the arginihes to 
serines. Again, the mobility of the 29 kD component of the 
doublet was unchanged (FIGS. 7A-B). 

Taken together, these data indicate that the major form of 
the processed VEGF-C is a helerodimer consisting of (1) a 
polypeptide of 32 kD containing amino acids 32-227 of the 
prepro-VEGr-C (amino acids 32 to 227'in SEQ ID NO: b) 
attached by disulfide bonds to (2) -a polypeptide of 29 kD 
beginning with amino acid 228 in SEQ ID NO: 8. These data 
are also supported by a comparison of the pattern of 
immunoprecipitated, labelled VEGF-C forms using antisera . 
882 and antisera 905. 

When VEGF-C immunoprccipitatinn was carried out 
using conditioned medium, both antisera (882 and 905) 
recognized some or all of the three major processed forms of 
VEGF-C (32/29 kD, 21 kD and 15 kD). When the condi- 
tioned medium was reduced by incubation in the presence of 
10 mM dithiothreitol for two hours at room temperature with 
subsequent alkylation by additional incubation with 25 mM 
iodoacctamidefor 20 minutes at room temperature, neither 
antibody precipitated the 29 kD component, although anti- 
body 882 still recognized polypeptides of 32 kD, 21 kD and 
15 kD. In subsequent experiments it was observed that 
neither antibody was capable of immunoprecipilaling the 43 
kD form. These results are consistent with the nature of the 
oligopeptide antigen used to elicit the antibodies contained 
in antisera 882, an oligopeptide containing, amino acid 
residues 104-120 of SEQ ID NO: S. On the other hand, 
antisera 905 recognized only the 32 kD and 15 kD 
polypeptides, which include sequence of the oligopeptide 
(amino acids 33 to 54 of SEQ ID NO: 8) used for immu- 
nization to obtain antisera 905. Taking into account the 
mobility shift of the 32 kD and 15 kD forms, the immuno- 
prccipitatinn results with the R102S mutant were similar 
(FIGS. 8A-B). The specificity of antibody 905 is confirmed 
by the fact that it did not recognize a VEGF-C AN form 
wherein the N-terminal propeptide spanning residues 
32-102 of the unprocessed polypeptide had been deleted 
(FIG. 8B). 

The results of these experiments also demonstrate that the 
21 kD polypeptide is found (1) in heterodimers with other 
molecular forms (see FIGS. 6A^-C and FIGS. 7A-B), and (2) 
secreted as a monomer or a homodimer held by bonds other 
than disulfide bonds (FIGS. 6A and 6B, lanes 6). 

The experiments disclosed in this example demonstrate 
that several forms of VEGF-C exist. A variety of VEGF-C 
monomers were observed and these monomers can vary 
depending on the level and pattern of glycosylation. In 
addition, VEGF-C was observed as a multimer, for example 
a homodimer or a heterodimer. 1 Vie processing of VEGH-C 
is schematically presented in FIG. 9 (disulfide bonds not 
shown). All forms of VEGF-C are within the scope of the 
present invention. 

EXAMPLE 23 

In Situ Hybridization of Mouse Embryos 

To analyze VEGF-C mRNA distribution in different cells 
and tissues, sections of 12.5 and H.5-clay post-coitus (p.c.) 
mouse embryos were prepared and analyzed via in situ 
hybridization using labeled VEGF-C probes. In situ hybrid- 
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ization of tissue sections was performed as described in 
Vastrik ei al..J. Cell Biol., 128:1 197-1 20S ( 1995). A mouse 
VEGF-C antisense RNA probe was generated from linear- 
ized pBluescript II SK" plasmid (Straiagene Inc.. La Jolla. 
Calif.), containing a CDNA fragment corresponding to 
nucleotides 499-979 of a mouse VEGF-C CDNA (SEQ ID 
NO: 10). Radiolabeled RNA was synthesized using T7 
polymerase and [ 35 S]-UTP (Amcrsham). Mouse VEGF-B 
antisense and sense RNA probes were synthesized in a 
similar manner from linearized PCRII plasmid containing 
the mouse VEGF-B CDNA insert as described Olofsson et 
aL Proc. Natl. Acad. Sci. (USA), 93:2576-2581 (1996). The 
bigh stringency wash was for 45 minutes at 65 c C. in a 
solution containing 30 mM dithiothreitol (DTT) and 4xSSC. 
The slides were exposed for 2ft days, developed and stained 
with hematoxylin. For comparison, similar sections were 
hybridized with a VEGFR-3 probe and the 12.5-day p.c. 
embryos were also probed for VEGF-B MRNA. 

Darkfield and lightfield photomicrographs from these 
experiments are presented in commonly-owned PCT patent 
application PCT/FI 96/00427, filed Aug. 01, 1996, incorpo- 
rated by reference herein. Observations from the photomi- 
crographs are summarized below. In a 12.5 day p.c. embryo, 
a parasagittal section revealed that VEGF-C mRNA was 
particularly prominent in the mesenchyme around the ves- 
sels surrounding the developing metanephros. In addition, 
hybridization signals were observed between the developing 
vertebrae, in the developing lung mesenchyme, in the neck 
region and developing forehead. The specificity of these 
signals was evident from the comparison with VEGF-B 
expression in an adjacent section, where the myocardium 
gave a very strong signal and lower levels of VEGF-B 
mRNA were detected in several other tissues. Both genes 
appear to be expressed in between the developing, vertebrae, 
in the developing lung, and forehead. Hybridization of the 
VEGF-C sense probe showed no specific expression within 
these structures. 

Studies also were conducted of the expression patterns of 
VEGF-C and VEGFR-3 in 12.5 day p.c. mouse embryos in 
the jugular region, where the developing dorsal aorta and 
cardinal vein are located. This is the area where the first 
lymphatic vessels sprout from venous sac-like structures 
according to the long-standing theory of Sabin..4/u. J.Anat., 
9:43-91 (1909). An intense VEGF-C signal was delected in 
the mesenchyme surrounding the developing venous sacs 
which also were positive for VEGFR-3. 

The mcscntcrium supplies the developing gul with blood 
and contains developing lymphatic vessels. The developing 
14.5 day p.c. mesenterium is positive for VEGF-C mRNA, 
with particularly high expression in connective tissue sur- 
rounding certain vessels. The adjacent mesenterial 
VEGFR-3 signals that were observed originate from small 
capillaries of the mesenterium. Therefore, there appears to 
be a paracrine relationship between the production of the 
mRNAs for VEGF-C and its receptor. This data indicates 
that VEGF-C is expressed in a variety of tissues. Moreover, 
the pattern of expression is consistent with a role for 
VEGF-C in venous and lymphatic vessel development. 
Further, the data reveals that VEGF-C is expressed in 
non-human animals. 

EXAMPLE 24 

Analysis of VEGF, VEGF-B, and VEGF-C mRNA 
Expression in Fetal and Adult Tissues 

A human fetal tissue Northern blot containing 2 //g of 
polyadeuvlated RNAs.froin brain, lung, liver and kidney 



,071 

42 

(Clontcch Inc.) was hybridised with a pool of the following 
probes: a human full-length VEGF-C CDNA insert 
(Genbank Acc. No. X94216)" a human VEGF-B :5T cDNA 
fragment (nucleotides 1-382, Genbank Acc. No." U48800) 

5 obtained by PCR amplification; and a human VEGF 5S1 bp 
cDNA fragment covering base pairs 57-638 (Genbank Acc. 
No X15997). Blots were washed under stringent conditions, 
using techniques standard in the art. 

Mouse embryo multiple tissue Northern blot (Clontech 

1- Inc.) containing 2 ug of polyadenylated RNAs from 7, 11. 15 
and 17 day postcoital (p.c.) embryos was hybridized with 
mouse VEGF-C cDNA fragment (base pairs 499-656). A 
mouse adult tissue' Northern bloi was hybridized with the 
probes for human VEGF, VEGF-B- 67 , VEGF-C and with a 

1 * VEGFR-3 CDNA fragment (nucleotides 1-595; Genbank 
Acc. No. X6S203). 

In adult mouse tissues, both 2.4 kb and 2.0 kb MRNA 
signals were observed with the VEGF-C probe, at an 
approximately 4:1 ratio. The most conspicuous signals were 

22 obtained from lung and heart RNA, while kidney, liver, 
brain, and skeletal muscle had lower levels, and spleen and 
testis had barely visible levels. As in the human tissues, 
VEGF mRNA expression in adult mice was most abundant 
in lung and heart RNA, whereas the other samples showed 
less coordinate regulation with VEGF-C expression. Skel- 
etal muscle and heart tissues gave the highest VEGF-B 
MRNA levels from adult mice, as previously reported Olof- 
sson et al., Proc. Nail. Acad. Sci. (USA). 93:2576-2581 
(1996). Comparison with VEGFR-3 expression showed that 

3 ~ the tissues where VEGF-C is expressed also contain MRNA 
for its cognate receptor tyrosine kinase, although in the adult 
liver VEGFR-3 MRNA was disproportionate abundant'. 
To provide a better insight into the regulation of the 

, s VEGF-C mRNA during embryonic development, polyade- 
nylated RNA isolated from mouse embryos of various 
gestational ages (7, 11, 15, and 17 day p.c.) was hybridized 
with the mouse VEGF-C probe. These analyses showed that 
the amount of 2.4 kb VEGF-C MRNA is relatively constant 

4 ^ throughout the gestational period. 

EXAMPLE 25 

Regulation of mRNAs for VEGF Family Members 
by Serum, Interleukin-1 and Dexamethasone in 
4> Human Fibroblasts in Culture 

Human IMR-90 fibroblasts were grown in DMEM 
medium containing 10% FCS and antibiotics. I"he cells were 
grown to 80% confluence, then starved for 48 hours in 0.5% 

50 FCS in DMEM. Thereafter, the growth medium was 
changed to DMEM containing 5% FCS, with or without 10 
ng'ml interleukin-1 (IL-1) and with or without 1 mM 
dexamethasone. The culture plates were incubated with 
these additions for the times indicated, and total cellular 

55 RNA was isolated using the TRIZOL kit (GIBCO-BRL). 
About 20 fig of total RNA from each sample was electro- 
phoresed in 1.5% form aldehyde -agarose gels as described in 
Sambrook et al., supra (19S9). The gel was used for North- 
ern blotting and hybridization with radiolabeled insert DNA 

60 from the human VEGF clone (a 581 bp cDNA covering bps 
57-638, Genbank Acc. No. 15997) and a human VEGF-B 
cDNA fragment (nucleotides 1-382, Genbank Acc. No. 
U48800). Subsequently, the Northern blots were probed 
with radiolabeled insert from the VEGF-C cDNA plasmid. 

65 Primers were labelled using a standard technique involving 
enzymatic extension reactions of random primers, as would 
be understood by one of ordinary skill in the art. 
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The No rl hern blot analyses revealed thai very low levels 
of VEGF-C and VEGF are expressed by the starved IMR-90 
cells as well as cells after 1 hour of stimulation. In contrast, 
abundant VEGF-B mRNA signal was visible under these 
conditions. After 4 hours of serum 'stimulation, there was a 
strong induction of VEGF-C and VEGF mRNAs. which 
were further increased in the IL-1 treated sample. The effect 
of II.- 1 seemed to be abolished in the presence of dcxarn- 
ethasone. A similar pattern of enhancement was observed in 
the 8 hour sample, but a gradual down-regulation of all 
signals was observed for both RNAs in the 24 hour and 48 
hour samples. In contrast. VEGF-B mRNA levels remained 
constant and thus showed remarkable stability throughout 
the time period. The results are useful in guiding efforts to 
use VEGF-C and its fragments, its antagonists, and anli- 
VEGF-C antibodies in methods for treating a variety of 
disorders. 

EXAMPLE 26 

Expression and Analvsis of Recombinant Murine 
VEGF-C 

Hie mouse VEGF-C CON A was expresse d as a recom- 
binant protein and the secreted protein was analyzed for its 
receptor binding properties. The binding of mouse VEGF-C 
to the human VEGFR-3 extracellular domain was studied by 
using media from Bosc23 cells transfected with mouse 
VEGF-C cDNA in a retroviral expression vector. 

The 1 .cS kb mouse VEGF-C cDNA was cloned as an 
EcoRI fragment into the retroviral expression vector pBabe- 
puro containing the SV40 early promoter region 
[Morgenslern el al., Nuci Acid* Res., 18:3587-3595 
(1990)], and transfected into the Bosc23 packaging cell line 
[Pearet et al., Proc. Natl. Acad. Sci. {USA), 90:8392-8396 
(1994)] by the calcium-phosphate precipitation method. Tor 
comparison, Rose 23 cells also were transfected with the 
previously-described human VEGF-C construct in the 
pREP7 expression vector. The transfected cells were cul- 
tured for 4S hours prior to metabolic labelling. Cells were 
changed into DMEM medium devoid of cysteine and 
methionine, and, after 45 minutes of preincubation and 
medium change. Pro-mix™ L- [ 3:> S] in vitro cell labelling 
mix (Amersham Corp.), in the same medium, was added to 
a final concentration of about 120 uC'\/m\. After 6 hours of 
incubation, the culture medium was collected and clarified 
by centrifugalion. 

For immunoprecipitation, 1 ml aliquots of the media from 
metabolically-labelled Bosc23 cells transfected with empty- 
vector or mouse or human recombinant VEGF-C, 
respectively, were incubated overnight on ice with 2 u\ of 
rabbit polyclonal antiserum raised against an N-tenninal 17 
amino acid oligopeptide of mature human VEGF-C (H 2 N- 
E E T I KXAAA f I Y NTE I L K) (SCO ID NO: 8, residues 
104-120). Thereafter, the samples were incubated with 
protein A sepharose for 40 minutes at 4° C. with gentle 
agitation. The sepharose beads were then washed twice with 
immunoprecipitation buffer and four limes with 20 mM 
Tris-HCl, pH 7.4. Samples werc~boiled in Laemmli buffer 
and analyzed by 12. '5 9 sodium dodecyl sulfate polyacry la- 
in ide gel electrophoresis (SDS-PAGE). 

Immunoprecipitation of VLGF-C from media of trans- 
fected and metabolically-labelled cells revealed bands of 
approximately 30-32xl6 3 M T (a doublet) and 22-23xi(P 
M r in 12.5% SDS-PAGE. These bands were not delected in 
samples from nontransfected or mock-transfected cells. 
These results show that antibodies raised against human 
VEGF-C recognize the corresponding mouse ligand. 
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For receptor binding experiments, 1 ml aliquots of media 
from metabolically-labelled Bosc23 cells were incubated 
with VEGFR-3 extracellular domain (see Example 3), 
covalently coupled to sepharose, for 4 hours at 4° C. with 

5 gentle mixing. The sepharose beads were washed four times 
with ice-cold phosphate buffered saline (PBS), and the 
samples were analvzed bv gel electrophoresis as described 
in .loukov ci al., FMBOJ., 15:290-298 (1996). 

Similar 30-32xl0 3 M r doublet and 22-23x10* M r 

i:: polypeptide bands were obtained in the receptor binding 
assay as compared to the immunoprecipitation assay. Thus, 
mouse VEGF-C binds to human VEGTR-3. The slightly 
faster mobility of the mouse VEGF-C polypeptides that was 
observed may be caused by the four ami do acid residue 

^ difference observed in sequence analysis (residues 
HSS-E91, FIG. 10). 

The capacity of mouse recombinant VEGF-C to induce 
VEGFR-3 autophosphorylation was also investigated. For 
the VEGFR-3 receptor stimulation experiments, subconflu- 

22 ent NIH 3T3-FU4 cells, Pajusola et al.. Oncogene. 
9:3545-3555 (1994), were starved overnight in serum-free 
medium containing 0.2% BSA. In general, ihe cells were 
stimulated with the conditioned medium from VEGF-C 
vector-transfected cells for 5 minutes, washed three times 

25 with cold PBS containing 200 //M vanadate, and lyscd in 
RIPA buffer for immunoprecipitation analysis. The lysates 
were centrifuged for 25 minutes at I6000xg and the result- 
ing supernatants were incubated for 2 hours on ice with the. 
specific antisera, folluwed by immunoprecipilalion using 

3w protein A-sepharose and analysis in 1% SDS-PAGE. 
Polypeptides were transferred to nitrocellulose and analyzed 
by immunoblntting using anti-phpsphotyrnsinc 
(Transduction Laboratories) and anti-receptor antibodies, as 
described by Pajusola et al., Oncogene. 9:3545-3555 

15 (1994). Filter stripping was carried out at 50° C for 30 
minuies in 100 mM 2-mercaploelhanol, 2% SDS, 62.5 mM 
Tris-HCl, pH 6.7. with occasional agitation. The results of 
the experiment demonstrated that culture medium contain- 
ing mouse VEGF-C stimulates the autophosphorylation of 

4C VEGFR-3 to a similar extent as human baculoviral VEGF-C 
or the tyrosyi phosphatase inhibitor pervanadate. 

Mouse" VEGF-C appeared to be a potent inducer of 
VEGFR-3 autophosphorylation, with the 195xl0 3 M r pre- 

45 cursor and protcolytically-clcavcd I25x10 3 M r tyrosine 
kinase polypeptides of the receptor (Pajusola et al., 
Oncogene, 9:3545-3555 (1994)), being phosphorylated. 

VEGFR-2 simulation was sludied in subconfluent por- 
cine aortic endothelial (PAE) cells expressing Kdr (VEGHR- 

53 2) (PAE- VEGFR-2) [Waltenberger et al., J. Biol. Chew.,. 
269:2G9SS-26995 (1994)], which were starved overnight in 
serum -free -medium containing 0.2% BSA. Stimulation was 
carried out and the lysates prepared as described above. For 
receptor immunoprecipitation, specific antiserum for 

55 VEGFR-2 [Waltenberger et al., J. Biol. Client., 
269:26988-26995 (1994)] was used. l"he immunoprecipi- 
tates were analyzed as described for VEGFR-3 in 7% 
SDS-PAGE followed by Western blotting with anti- 
phosphotyrosine antibodies, stripping of the filter, and 

60 re-probing it with anti-VEGFR-2 antibodies (Santa Cruz). 
VEGFR-2 stimulation was first tried with unconcentraled 
medium from cells expressing recombinant VEGF-C, but 
immunoblotting analysis did not reveal any receptor auto- 
phosphorylation. 

65 To further determine whether mouse recombinant 
VEGF-C can also induce VEGFR-2 autophosphorylation as 
observed for human VEGF-C, PAE cells expressing 
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VEOFR-2 were stimulated with tenfold concentrated 
medium from cultures transfected with mouse VEGF-C 
expression vector aod autophosphoryiation was analyzed. 
For comparison, cells treated with (enfold concentrated 
medium containing human recombinant VEGF-C (Joukov et 5 
a I.. (1996)), unconcentrated medium from human VEGF-C 
baculovirus infected insect cells, or pervanadate (a lyrosyl 
phosphatase inhibitor) were used. In response to human 
baculoviral VEGF-C as well as pervanadate treatment, 
VEGFR-2 was prominently phosphorylated. whereas human l'J 
and mouse recombinant VEGF-C gave a weak and barely- 
detectable enhancement of autophosphoryiation, respec- 
tively. Media from cell cultures transfected with empty- 
vector or VEGF-C cloned in the antisense orientation did not 
' induce autophosphoryiation of VEGFR-2. Therefore, mouse 15 
VEGF-C binds to VEGFR-3 and activates this receptor at a 
much lower concentration than needed for the activation of 
VEGFR-2. Nevertheless, the invention comprehends meth- 
ods for using the materials of the invention 10 take advantage 
of the interaction of VEGF-C with VEGFR-2, in addition to 22 
the interaction between VEGF-C and VEGFR-3. 



EXAMPLE 27 

VEGF-C E104-E213 Fragment Expressed in Pichia 
Yeast Stimulates Autophosphoryiation of Flt4 
(VEGFR-3) and KDR (VEGFR-2) 

A truncated form of human VEGF-C! cDNA was con- 
structed wherein (1) the sequence encoding residues of a 
putative mature VEGF-C amino terminus H 2 N-E(104)ETIK 3C 
(SEQ ID NO: 8, residues 104 et seq.) was fused in-frame to 
the yeast PHOl signal sequence (Invilrugen Pichia Expres- 
sion Kit, Catalog #K1 710-01). and (2) a stop codon was 
introduced after amino acid 213 (H,N- . . . RCMS; i.e., after 
codon 213 of SEQ ID NO: 7). The resultant truncated cDNA 35 
construct was then inserted into the Pichia pastoris expres- 
sion vector pHlL-Sl (Invitrogen). For the cloning, an' inter- 
nal Bglll site in the VEGF-C coding sequence was mutated 
without change of the encoded polypeptide sequence. 

This VEGF-C expression vector was then transfected into 43 
Pichia cells and positive clones were identified by screening 
for the expression of VEGF-C protein in the culture medium 
by Western blotting. One positive clone was grown in a 50 
ml culture, and induced with methanol for various periods of 
time from 0 to 60 hours. About 10 id of medium was 45 
analyzed by gel electrophoresis, followed by Western blot- 
ting and detection with anti-VEGF-C antiserum, as 
described above. An approximately 24 kD polypeptide 
(band spreading was observed due to glycosylation) accu- 
mulated in the culture medium of cells transfected with the 53 
recombinant VEGF-C construct, but not in the medium of 
mock-transfected cells or cells transfected with the vector 
alone. 

The medium containing the recombinant VEGF-C protein 
was concentrated by Centricon 30 kD cutoff ultrafiltration 55 
and used to stimulate NTH 3T3 cells expressing FU4 
(VEGFR-3) and porcine aortic endothelial (PAE) cells 
expressing KDR (VEGFR-2). The stimulated cells were 
lysed and immunoprecipitated using VEGFR-specific anti- 
sera and the immunoprecipilales were analyzed by Western 63 
blotting using anti-phosphotyrosine antibodies, 
chemiluminescence. and fluorography. As a positive control 
for maximal autophosphoryiation of the VEGFRs, vanadate 
(V0 4 ) treatment of the cells for 10 minutes was used. 
Medium from Pichia cultures secreting the recombinant 65 
VEGF-C polypeptide induced autophosphoryiation of both 
Flt41 polypeptides of 195 kD and 125 kp as well as the 
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KDR polypeptide of about 200 kD. Vanadate, on the other 
hand, induces heavy tyrosyl phosphorylation of the receptor 
bands in addition to other bands probably co precipitating 
with the receptors. 

These results demonstrate that a VEGF-bomologous 
domain of VEGF-C consisting of amino acid residues 
104E-213S (SEQ ID NO: 8, residues 104-213) can be 
reenmbinantly produced in yeast and is capable of stimu- 
lating the autophosphoryiation of Flt4 (VEGFR-3) and KDR 
(VEGFR-2). Recombinant VEGF-C fragments such as the 
fragment described herein, which are capable of stimulating 
Flt4 or KDR autophosphoryiation are intended as aspects of 
the invention; methods of using these fragments are also, 
within the scope of the invention. 

- EXAMPLE 28 

Properties of the Difterentiallv Processed Forms of 
VEGF-C 



The following oligonucleotides were used to generate a 
set of VEGF-C variants and analogs: 

5 - TCTCTTCTGTGC1TGAG 1TGAG-3' (SEQ ID NO: 

15) , used to generate VEGF-C R102S (argininc mutated to 
serine at position 102 (SEQ ID NO: 8)); 

5-1CTCTICTGTCCCTGAG1TGAG-3' (SEQ ID NO: 

16) , used to generate VEGF-C R102G (argininc mutated to 
glycine at position 102 (SEQ ID NO: S)); 

S-'JGlGCi'GCAGCAAAJ'iinATAGiClC'l'lCTGT- 
GGCGGCGGC C.GCGGCGGGCGCCTCGCGAGGACC- 
3' (SEQ ID NO: 17), used to generate VEGF-C AN (deletion 
of N-terminal propeptide corresponding to amino acids 
32-102 (SEQ ID NO: S)); 

5'- CTGGCAGGGAACTGCTAATAATGGAXTGAA-3' 
(SEQ ID NO: 16), used to generate VEGF-C R226,227S 
(arginine codons mutated to serines at positions 226 and 227 
(SEQ ID NO: 8)); 

5'-GGGCTCCGCGTCCGAGAGGTCGAGTCCGGA- 
CTCGTGATGGT G AT G G T G AT GGGCGG- 
CGGCGGCGGCGGGCGCCTCGCGAGGACC-3' (SEQ 
ID NO: 19), used to generate VEGF-C NHis (this construct 
encodes a polypeptide with a fixHis tag fused to approxi- 
mately the N-terminus of the secreted precursor, as 
described in Example 21 (amino acid 33 of SEQ ID NO: S)). 

Some of the foregoing VEGF-C mutant constructs were 
further modified to obtain additional constructs. For 
example, VEGF-C R102G in pALTER (Promega) and oli- 
gonucleotide 

5 ' - G TAT TATA AT GTCCTCCACC A A ATTTTATA G - 3 ' 
(SEQ ID NO: 20) were used to generate VEGF-C 4G ; which 
encodes a polypeptide with four point mutations: R102G, 
A110G, AillG, and A112G (alanines mutated to glycines at 
positions 110-112 (SEQ ID NO: 8). These four mutations 
are adjacent to predicted sites of cleavage of VEGF-C 
expressed in PC-3 and recombinantly expressed in 293 
EBNA cells. 

Another construct was created using VEGF-C AN and 
oligonucleotide 

5'-GTTCGCTGCCTGACACTGTGGTAGTGTTGCTGGC 
G G C C G C T A G T G AT G G T G AT G G T G AT - 
G AATAATG G AATG AACTTG TCTG TAAA CATCC AG-3* 
(SEQ ID NO: 21) to generate VEGF-C ANACHis. This 
construct encodes a polypeptide with a deleted N-terminal 
propeptide (amino acids 32-102); a deleted C-terminal 
propeptide (amino acids 226-419 of SEQ ID NO: 8); and an 
added 6xHis tag at the C-terminus. 

All constructs were further digested with Hindi II and 
NotI, subcloned into Hindlll/Notl digested pREP7 vector, 
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and used to iransfcci 293 EBNA cells. Annul AS hours after 
iransfection. the cells were either meiabolicaHy labelled 
with Pro-mix™ as described above, or starved in serum -free 
medium for 2 days. Media were, then collected and used in 
subsequent experiments. As can be seen from FIGS. 11A-B, 5 
wild type (wt) VEGF-C, VEGF-C NHis and VEGF-C 
ANACIIis were expressed to similar levels in 293 EDNA 
cells. At the same time, expression of the VEGF-C AG 
polypeptide was considerably lower, possibly due to the 
changed conformation and decreased stability of the trans- i:: 
lated product. However- all the above VEGF-C mutants 
were secreted from the cells (compare FIGS. 11 A and 11B). 

The conditioned media from the transfected and starved 
cells were concentrated 5-fold and used to assess their 
abilitv to stimulate tyrosine phosphorylation of Flt4 15 
(VEGFR-3) expressed in NIH 3T3 cells and KDR (VEGFR- 
2) expressed in PAE cells. Wild type (wt) VEGF-C, as well 
as all three mutant polypeptides, stimulated tyrosine phos- 
phorylation of VEGTR-3. The most prominent stimulation 
observed was by the short mature VEGF-C ANACHis. This 2 ~ 
mutant, as well as VEGF-C NHis, also stimulated tyrosine 
phosphorylation of VEGFR-2. Thus, despite the fact that a 
major component of secreted recombinant VEGF-C is a 
dimer of 32/29 kD, the active part of VEGF-C responsible 
for its binding to VEGFR-3 and VEGFR-2 is localized 25 
between amino acids 102' and 226 (SEQ ID NO: 8) of the 
VEGF-C precursor. Analysis and comparison of binding 
properties and biological activities of these VEGF-C pro- 
teins and mutants, using assays such as those described 
herein, will provide data concerning the significance of the ^ 
observed major 32/29 kD and 21-23 kD VEGF-C processed 
forms. Jlie data indicate that constructs encoding amino acid 
residues 103-225 oHhe VEGF-C precursor (SEQ ID NO: 8) 
generate a recombinant ligand that is functional for both 
VEGFR-3 and VEGFR-2. ■« 

The data from this and preceding examples demonstrate 
that numerous fragments of the VEGF-C polypeptide retain 
biological activity. A naturally occurring VEGF-C polypep- 
tide spanning amino acids 1 03-226 (or 1 03-227) of SEQ ID 
NO: 8, produced by a natural processing cleavage defining 
the C-terminus, has been shown to be active. Example 27 
demonstrates that a fragment with residues 104-213 of SEQ 
ID NO: 8 retains biological activity. 

In addition, data from Example 21 demonstrates that a 
VEGF-C polypeptide having its amino terminus at position 
112 of SEQ ID NO: 8 retains activity. Additional experi- 
ments have shown that a fragment lacking residues 1-112 of 
SEQ ID NO: 8 retains biological activity. 

In a related experiment, a slop codon was substituted for 53 
the lysine at position 214 of SEQ ID NO: S (SEQ ID NO: 
7, nucleotides 991-993). The resulting recombinant 
polypeptide still was capable of inducing Fh4 
' autophosphorylation, indicating that a polypeptide spanning 
amino acid residues 113-213 of SEQ ID NO: 8 is biologi- 55 
cally active. 

Sequence comparisons of members of the VEGF family 
of polypeptides provides an indication that still smaller 
fragments of the polypeptide depicted in SEQ ID NO: 8 will 
retain biological activity. In particular, eight highly con- 60 
served cysteine residues of the VEGF family of polypeptides 
define a region from residues 131-211 of SEQ ID NO: 8 (see 
FIG. 10) of evolutionary significance; therefore, a polypep- 
tide spanning from about residue 131 to about residue 211 
is expected to retain VEGF-C biological activity. In fact, a 6? 
polypeptide which retains the conserved motif RCXXCC 
(e.g., a polypeptide comprising from about residue 161 to 



ahnut residue 21 1 of SEQ ID NO: 8 is postulated to retain 
VEGF-C biological activity. To maintain native conforma- 
tion of these fragments, it may be preferred to retain about 
1-2 additional amino acids at the carboxy-terminus and 1-2 
or more amino acids at the amino terminus. 

Beyond the preceding considerations, evidence exists that 
smaller fragments and/or fragment- analogs which lack the 
conserved cysteines nonetheless will retain VEGF-C bio- 
logical activity. Consequently, the materials and methods of 
the invention include all V'EGF-C fragments, variants, and 
analogs that retain at least one biological activity of VEGF- 
C, regardless of the presence or absence of members of the 
conserved set of cysteine residues. 

EXAMPLE 29 

Expression of Human VEGF-C Under the Human 
K14 Keratin Promoter in Transgenic Mice Induces 
Abundant Growth of Lymphatic Vessels in the Skin 

The Fll4 receptor tyrosine kinase is relatively specifically 
expressed in the cndolhelia of lymphatic vessels. Kaipainen 
et ah, Froc. .Natl. Acad. Sci. (USA\ 92: 3566-3570 (1995). 
Furthermore, the VEGF-C growth factor stimulates the Flt4 
receptor, showing less activity towards the KDR receptor of 
blood vessels (Joukov et al, EM BO J., 15: 290-29S (1996): 
See Example 26). 

Experiments were conducted in transgenic mice to ana- 
lyze the specific effects of VEGF-C overexpression in tis- 
sues. The human K14 keratin promoter is active in the basal 
cells of stratified squamous epithelia (Vassar et al., Proc. 
Natl. Acad. ScL (USA), 86:1563-1567 (1989)) and was used 
as the expression control element in the recombinant 
VEGF-C transgene. The vector containing the K14 keratin 
promoter is described in Vassar et al., Genes Dev.: 
5:714-727 (1991) and Nelson et al., J. Cell Biol. 
97:244-251 (19S3). 

The recombinant VEGF-C transgene was constructed 
using the human full length VEGF-C cDNA(GenBank Acc. 
No. X94216). Ihis sequence was excised from a pCI-neo 
vector (Promcga) with Xhol/Notl, and the resulting 2027 
base pair fragment containing the open reading frame and 
stop codon (nucleotides 352-1611 of SEQ ID NO: 7) was 
isolated. The isolated fragment was then subjected to an 
end-filling reaction using the Klenow fragment of DNA 
polymerase. The blunt-ended fragment was then ligaled to a 
similarly opened Bam HI restriction site in the K14 vector. 
The resulting construct contained the EcoRl site derived 
from the polylinker of the pCI-neo vector. This EcoRI site 
was removed using standard techniques (a Klenow- 
mediated fill-in reaction following partial digestion of the 
recombinant intermediate with EcoRI) to facilitate the sub- 
sequent excision of the DNA fragment to be injected into 
fertilized mouse oocytes. 

The resulting clone, designated K14-VEGF-C, is illus- 
trated in FIG. 20 of comiiionlv-owned PCT patent applica- 
tion PCT/FI96/00427, filed Aug. 01, 1996. 

The EcoRI-Hindlll fragment from clone K14 VEGF-C 
containing the K14 promoter, VEGF-C cDNA, and K14 
polyadenylalion signal was isolated and injected into fertil- 
ized oocytes of the FVB-N1H mouse strain. 'Hie injected 
zygotes were transplanted to oviducts of pseudopregnant 
C57BL/6xDBA/2J hybrid mice. The resulting founder mice 
were analyzed for the presence of the transgene by poly- 
merase chain reaction of tail DNA using the primers: 
5--CATGTACGAACCGCCAG-3' (SEQ ID NO: 22) and 
5'-AATGACCAGAGAGAGGCGAG-3' (SEQ ID NO: 23). 
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In addition, the tail DNAs were subjected to EcoRV diges- 
tion and subsequent Southern analysis using the EcoRI- 
Hindlll fragment injected into the mice. Out ot* 8 pups 
analyzed ai 3 weeks of age, 2 were positive, having approxi- 
mately 40-50 copies and 4-6 copies of the transgene in their 5 
respective genomes. 

The mouse with the -high copy number transgene was 
small, developed more slowly than its litter mates and had 
difficulty eating (i.e., suckling). Further examination showed 
a swollen, red snout and poor fur. Although fed with a r - 
special liquid diet, it suffered from edema of the upper 
respiratory and digestive tracts after feeding and had breath- 
ing difficulties. This mouse died eight weeks after birth and 
was immediately processed for' histology, 
immunohistochemistry, and in situ hybridization. 15 

Histological examination showed that- in comparison to 
the skin of littermates, the dorsal dermis of K14-VEGF-C 
transgenic mice was atrophic and connective tissue was 
replaced by large lacunae devoid of red cells, but lined with 
a thin endothelial layer. These distended vessel-like struc- 2 c 
tures resembled those seen in human lymphangiomas. The 
number of skin adnexal organs and hair follicles were 
reduced. In the snout region, an increased number of vessels 
was also seen. Therefore, VEGF-C overexpression in the 
basal epidermis is capable of promoting the growth of 2 $ 
extensive vessel structure in the underlying skin, including 
large vessel lacunae. The endothelial cells surrounding these 
lacunae contained abundant Flt4 MRNA in in situ hybrid- 
ization (see Examples 23 and 3U for methodology). The 
vessel morphology indicates that VEGF-C stimulates the 33 
growth of vessels having features of lymphatic vessels. The 
other K14-VEGF-C transgenic mouse had a similar skin 
histopathology. 

Nineteen additional pups were analyzed at 3 weeks of age 
for the presence of the VEGF-C transgene, bring the number 35 
of analyzed pups to twenty-seven. A third transgene-positive 
pup was identified, having approximately 20 copies of the 
transgene in its genome, lhe 20 copy mouse and the 4-6 
copy mouse described above transmitted the gene to 6 out of 
11 and 2 out of 40 pups,' respectively. The physiology of 40 
these additional transgenic mice were further analyzed. 

The adult transgenic mice were small and had slightly 
swollen eyelids and poorly developed fur. Histological 
examination showed that the epidermis was hyperplastic and 
the number of hair follicles was reduced; these effects were 45 
considered unspecifjc or secondary to other phenolypic 
changes. The dermis was atrophic (45% of the dermal 
thickness, compared to 65% in littermate controls) and its 
connective tissue was replaced by large dilated vessels 
devoid of red cells, but lined with a thin endothelial cell 50 
layer. Such abnormal vessels were confined to the dermis 
and resembled the dysfunctional, dilated spaces character- 
istic of hyperplastic lymphatic vessels. See Fossum, el al.,/. 
Vet. hit. Med., 6: 283-293 (1992). Also, the ultrastructural 
features were reminiscent of lymphatic vessels, which differ 55 
from blood vessels by having overlapping endothelial 
junctions, anchoring filaments in the vessel wall, and a 
discontinuous or even partially absent basement membrane. 
See L&2k, Microx asc: Res., 2: 361-391 (1970). Furthermore, 
antibodies anainsl collagen tvpes IV, XVIII [Muragaki el al., 60 
Froc. Nmi'Acad. ScL USA, 92: 8763-^8776 (1995)] and 
laminin gave very weak or no staining of the vessels, while 
the basement membrane staining of other vessels was promi- 
nent. The endothelium was also characterized by-positive 
staining with monoclonal antibodies against desmoplakins 1 65 
and II (Progen), expressed in lymphatic, but not in vascular 
endothelial cells. See Schmelz et al., Dijfereruiaiion, 57: 
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97-117 (1994). Collectively, these findings strongly sug- 
gested that the abnormal vessels were of lymphatic origin. 

In Northern hybridization studies, abundant VEGF-C 
MRNA was detected in the epidermis, and hair follicles of 
the transgenic mice, while mRNAs encoding its recepiors 
VEGFR-3 and VEGFR-2 as well as the Tie-1 endothelial 
receptor tyrosine kinase [Rorhonen et al., Oncogene, 9: 
395-4U3 (1994)] were expressed in endothelial cells lining 
the abnormal vessels. In the skin ot" littermate control 
animals, VEGFR-3 could be detected only in the superficial 
subpapillary layer of lymphatic vessels, while VEGFR-2 
was found in all cndothelia. in agreement with earlier 
findings. See Millauer el al., Cell 72: 1-20.(1993); and 
Kaipainen el al., Proc. Natl Acad. Sci. U£4, 92: 3566-3570 
(1995). 

The lymphatic endothelium has a great capacity to distend 
in order to adapt to~its functional demands. To determine 
whether vessel dilation was due to endothelial distension or 
proliferation, in vitro proliferation assays were conduced. 
Specifically, to measure DNA synthesis, 3mmx3mm skin 
biopsies from four transgenic and four control mice were 
incubated in D-MEM with 10 micrograms/ml BrdU for 6 
hours at 37° C, fixed in 70% ethanol for 12 hours, and 
embedded in paraffin. After a 30 minute treatment with 0.J % 
pepsin in 0.1 M HC1 at room temperature to denature DNA, 
staining was performed using mouse monoclonal anti-BrdU 
antibodies (Amcrsham). It appeared that the VEGF-C- 
receptor interaction in the transgenic mice transduced a 
mitogenic signal, because, in contrast to littermate controls, 
the lymphatic endothelium of the skin from young K.14- 
VEGF-C mice showed increased DNA synthesis as demon- 
strated by BrdU incorporation followed by staining with 
ant i -BrdU antibodies. This data further confirms that 
VEGF-C acts as a true growth factor in mammalian tissues. 

hi related experiments, a similar VEGF transgene did not 
induce lymphatic proliferation, but caused euhauced density 
of hyperpermeable, tortuous blood mierovessels instead. 

Angiogcnesis is a mullislep process which includes endot- 
helial proliferation, sprouting, and migration. See Folkman 
el al.,J. Biol. Chenu, 267: 10931-10934 (1992). To estimate 
the contribution of such processes to the transgenic 
phenol ype, the morphology and function of the lymphatic 
vessels was analysed using fluorescent microlymphography 
using techniques known in the art. See Leu et al., Am. J. 
Physiol., 267: 1507-1513 (1994); and Swartz ct al., Am. J. 
Physiol, 270: 324-329 (1996). Brie flyweight- week old mice 
were anesthetized and placed on a heating pad to maintain 
a 37° C. temperature. A 30-gauge needle, connected to a 
catheter filled with a solution of FITC-dextrah 2M (8 mg/ml 
in PBS), was injected intradermals into the tip of the tail. 
The solution was infused with a constant pressure of 50 cm 
water (averaging roughly 0.0 1 microliters per minute flow 
rate) until the extent of network filling remained constant 
(approximately 2 hours). Flow rate and fluorescence inten- 
sity were monitorerd continuously throughout the experi- 
ment. In Ihesc experiments, a typical honeycomb-like net- 
work with similar mesh sizes was observed in both control 
and transgenic mice, but the diameter of lymphatic vessels 
was about twice as large in the transgenic mice, as summa- 
rized in the table below. (The intravital fluorescence micros- 
copy of blood vessels was performed as has been described 
in the art. See Fukumura et al.. Cancer Res., 55: 4824-4829 
(1995).) 
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Some dysfunction of the abnormal vessels was indicaied by 
the fact that it took longer for the dextran to completely fill 
the abnormal vessels. Injection of FITC-dextran into the tail 
vein, followed by fluorescence microscopy of the ear, 
showed that the blood vascular morphology was unaltered 
and leukocyte rolling and adherence appeared normal in the 
transgenic mice. These results suggest thai the endothelial 
proliferation induced by VEGF-C leads to hyperplasia of the 
superficial lymphatic network but docs not induce the 
sprouting of new vessels. 

These effects of VEGF-C ove expression are unexpect- 
edly specific, especially since, as described in other 
examples, VEGF-C is also capable of binding to and acti- 
vating VEGFR-2, which is the major mitoeenic receptor of 
blood vessel endothelial cells. In culture, high concentra- 
tions of VEGF-C stimulate the growl h and migration of 
bovine capillary endothelial cells which express VEGFR-2. 
but not significant amounts of VEGFR-3. In addition. 
VEGF-C induces vascular permeability in the Miles assay 
[Miles, A. A., and Miles, E. M., J. Physiol., llS:228-257 
(1952); and Udaka, et al., Proc. Soc. Exp. Biol, hied., 
133:1384-1387 (1970)], presumably via its effect on 
VEGFR-2. VEGF-C is less potent than VEGF in the Miles 
assay, 4- to 5-fold higher concentrations of VEGF-C 
ANACHis being required to induce the same degree of 
permeability. In vivo, the specific effects of VEGF-C on 
lymphatic endothelial celLs may reflect a requirement for the 
formation of VEGFR-3xVEGFR-2 heterodimers for endot- 
helial cell proliferation at physiological concentrations of 
the growth factor. Such possible heterodimers may help to 
^explain how three homologous VEGFs exert partially- 
redundant, yet strikingly specific biological effects. 

The foregoing in vivo data indicates utilities for both (i) 
VEGF-C polypeptides and polypeptide variants and analogs 
haviug VEGF-C biological activity, and (ii) anti-VEGF-C 
antibodies and VEGF-C antagonists that inhibit VEGF-C 
activity (e.g., by binding VEGF-C or interfering with 
VEGF-C/receptor interactions. For example, the data indi- 
cates a therapeutic utility for VEGF-C polypeptides in 
patients wherein growth of lymphatic tissue may be desir- 
able (e.g., in patients following breast cancer or other 
surgery where lymphatic tissue has been removed and where 
lymphatic drainage has therefore been compromised, result- 
ing in swelling; or in patients suffering from elephantiasis). 
The data indicates a therapeutic utility for anti-VEGF-C 
antibody substances and VEGF-C antagonists for conditions 
wherein growth-inhibition of lymphatic tissue may be desir- 
able (e.g., treatment of lymphangiomas). Accordingly, rueth- 
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ods- of administering VEGF-C and VEGF-C variants, 
analogs, and antagonists are contemplated as methods and 
materials of the invention. 

' 5 EXAMPLE 30 

Expression of VEGF-C and Flt4 in the Developing 
Mouse 

Embryos from a 16-day post-coitus pregnant mouse were 

1:: prepared and fixed in 47c paraformaldehyde (PFA), embed- 
ded in paraffin, and sectioned at 6 am. The sections were 
placed on silanated microscope slides and treated with 
xylene, rehydrated, fixed for 20 minutes in 49c PFA, treated 
with proteinase K (7 mg/ml; Merck, Darmstadt. Germany) 

15 for 5 minutes at room temperature, again fixed in 4% PTA 
and treated with acetic anhydride, dehydrated in solutions 
with increasing ethanol concentrations, dried and used for in 
situ hybridization. 

In situ hybridization of sections was performed as 
described (Vastrik et al., J. Cell Biol, 128:1197-1208 
(1995)). A mouse VEGF-C antisense RNA probe was gen- 
erated from linearized pBluescript U SK+plasmid 
(Stratagene Inc.), containing a fragment corresponding to 
nucleotides 499-979 of mouse VEGF-C cDNA, where the 
noncoding region aud the BR3P repeat were removed by 
Exonuclease III treatment. The fragment had been cloned 
into the EcoRl and Hindlll sites of pBluescript II SK+.. 
Radiolabeled RNA was synthesized using T7 RNA Poly- 
merase and [ 35 S]-UTP (Amersham, Little Chalfont, UK). 
About two million cpm of the VEGF-C probe was applied 
per slide. After an overnight hybridization, the slides were 
washed first in 2xSSC and 20-30 mM DDT for 1 hour at 50° 
C. Treatment continued with a high stringency wash, 4xSSC 
and 20 mM DTT and 509c deionized formamide for' 30 

" * minutes at 65° C. followed by RNase A treatment (20 //g'ml) 
for 30 minutes at 37°, C. The high stringency wash was 
repealed for 45 minutes. Finally, the slides were dehydrated 
and dried for 30 minutes at room temperature. The slides 
were dipped into photography emulsion and exposed for 4 
weeks. Slides were developed using Kodak D-16 developer, 
counterstained with hematoxylin and mounted with Per- 
mount (FisherCbemical). 

For in situ hybridizations of Flt4 sequences, a mouse Flt4 

45 CDNA fragment covering bp 1-192 of the published 
sequeuce (Finnerty et al., Oncogene, 8:2293-2298 (1993)) 
was used, and the above -described protocol was followed, 
with the following exceptions. Approximately one million 
cpm of the FU4 probe were applied to each slide. The 

5 ~ stringent washes following hybridization were performed in 
lxSSC and 30 mM DTT for 105 minutes. 

Darkficld and light field photomicrographs -from these 
experiments are presented in. commonly-owned PCT patent 
application PCT/F1 96/00427, filed Aug. 1, 1996, incorpo- 

55 rated by reference herein. Observations from the photomi- 
crographs are summarized below. 

The most prominently FH4-hybridizing structures 
appeared to correspond to the developing lymphatic and 
venous endothelium. A plexus-like endothelial vascular 

60 structure surrounding, the developing nasopharyngeal 
mucous membrane was observed. Ihe most prominent sig- 
nal using the VEGF-C probe was obtained from the posterior 
part of the developing nasal conchae, which in higher 
magnification showed the epithelium surrounding loose con- 

65 nective tissue/forming cartilage. This structure gave a strong 
in situ hybridization signal for VEGF-C. With the VEGF-C 
probe, more weakly hybridizing areas were observed around 
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the snout, although this signal is much more homogeneous 
in appearance. Thus, the expression of VEGF-C is strikingly 
high in the developing nasal conchae. 

The conchae aie surrounded with a rich vascular plexus, 
important in nasal physiology as a source for the mucus 
produced hy the epithelial cells and for warming inhaled air. 
It is suggested that VEGF-C is important in the formation of. 
the concheal venous plexus at the mucous membranes, and 
that it may also regulate the permeability of the vessels 
needed for the secretion of nasal mucus. Possibly, VEGF-C 
and its derivatives, and antagonists, could be used in the 
regulation of the turgor of the conchal tissue and mucous 
membranes and therefore the diameter of the upper respi- 
ratory tract, as well as the quantity and quality of mucus 
produced. These factors are of great clinical significance in 
inflammatory (including allergic) and infectious diseases of 
the upper respiratory tract. Accordingly, the invention con- 
templates the use of the materials of the invention, including 
VEGF-C, Fll4, and their derivatives, in methods of diag- 
nosing and treating inflammatory and infectious conditions 
aflecting the upper respiratory tract, including nasal struc- 
tures. 

EXAMPLE 31 

Characterization of the Exon-intron Organization of 
the Human VEGF-C Gene 

Two genomic DNA clones covering exous 1, 2, and 3 of 
the human VEGF-C gene were isolated from a human 
genomic DNA library using VEGF-C cDNA fragments as 
probes. In particular, a human genomic library in bacte- 
riophage EMBL-3 lambda (Clontech) was screened using a 
PCR-generated fragment corresponding to nucleotides 
629-746 of the human VEGF-C cDNA (SEQ ID NO: 7). 
One positive clone, designated "lambda 3." was identified, 
and the insert was subcloned as a 14 kb Xhol fragment into 
the pRlucscript N (pRSK II) vector (Stratagcnc). The 
genomic library also was screened with a labeled 130 bp 
Notl-SacI fragment from the 5'-noncoding region of the 
VEGF-C cDNA (the NotI site is in the polylinker of the 
cloning vector; the Sad site corresponds to nucleotides 
92-97~of SEQ ID NO; 7). Two positive clones, designated 
"lambda 5 : ' and "lambda 8," were obtained. Restriction 
mapping analysis showed that clone lambda 3 contains 
exons 2 and 3, while clone lambda 5 contains exon 1 and the 
putative promoter region. 

Three genomic fragments containing exons 4, 5, 6 and 7 
were subcloned from a genomic VEGF-C PI plasmid clone. 
In particular, purified DNA from a genomic PI plasmid 
clone 7660 (Paavonen et al M Circulation, 93: 1079-10S2 
(1996)) was used. EcoRI fragments of the PI insert DNA 
were ligated into pBSK II vector. Subclones of clone 7660 
which contained human VEGF-C cDNA homologous 
sequences were identified by colony hybridization, using the 
full-length VEGF-C CDNA as a probe. J*hree difierent 
genomic fragments were identified and isolated, which con- 
tained the remaining exons 4-7. 

To determine the genomic organization, the clones were 
mapped using restriction endonuclease cleavage. Also, the 
coding regions and exon-intron junctions were partially 
sequenced. The result of this analysis is depicted in FIGS. 12 
and 13A. The sequences of all intron-exon boundaries (FIG. 
13A, SEQ ID NOs: 24-35) conformed to the consensus 
splicing signals (Mount, Nitcl. Acids Res., 10: 459-472 
(1982)). The length of the intron between exon 5 and 6 was 
determined "directly by nucleotide sequencing atid found to 
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be 301 hp. The length of the intron between exons 2 and 3 
was determined by restriction mapping and Southern hybrid- 
ization and was found to be about 1.6 kb. Each of the other 
intron is over 10 kb in length. 
5 A similar analysis was performed for the murine genomic 
VEGF-C gene, the sequences of murine VEGF-C intron- 
exon boundaries are depicted in FIG. 13B aud SEQ ID NOs: 
36-47. * 

The restriction mapping and sequencing data indicated 
I- that the VEGF-C signal sequence and the first residues of the 
N-terminal propeptide are encoded by exon 1. The second 
exon encodes the carboxy-termina! portion of the N-terminal 
propeptide and the amino terminus of the VEGF homology 
domain. The most conserved sequences of the VEGF homol- 
ogy domain are distributed in exons 3 (containing 6 con- 
served cysteine, residues) and 4 (containing 2 cys residues). 
The remaining exons encode cyslein'e-rich motifs of the type 
C-6X-C-10X-CRO (exons 5 and 7) and a fivefold repeated 
motif of type C-6X-B-3X-C-C-C, which is typical of a silk 
,„ -protein. 

To further characterize the human VEGF-C gene • 
promoter, the lambda 5 clone was further analyzed. Restric- 
tion mapping of this clone using a combination of single- 
and double-digestions and Southern hybridizations indicated 
that it includes: (1) an approximately 6 kb region upstream 
of the putative initiator Al'G codon, (2) exon 1, and (3) at 
least 5 kb of intron I of the VEGF-C gene. 

A 3.7 kb Xba 1 fragment of cloue lambda 5, containing 
exon 1 and 5' and 3' Hanking sequences, was subcloned and 

7,2 further analyzed. As reported previously, a major VEGF-C 
mRNA band migrates at a position of about 2.4 kb. Calcu- 
lating from the VEGF-C coding sequence of 1257 bp and a 
391 bp 3' noncoding sequence plus a polyA sequence of 
about 50-200 bp, the mRNA start site was estimated to be 

35 about 550-700 bp upstream of the translation initiation 
codon. 

RNase protection assays were employed to obtain a more 
precise localization of the mRNA start site. llie results of 
these experiments indicated that the RNA start site in the 

4C human VEGF-C gene is located 539 bp upstream of the ATG 
translational initiation codon. 

To further characterize the promoter of the human . 
VEGF-C gene, a genomic clone encompassing about 2.4 kb 
upstream of the translation initiation site was isolated, and 

45 the 5' noncoding cDNA sequence and putative promoter 
reyion were sequenced. The sequence obtained is set forth in 
SEQ ID NO: 48. (The beginning of the VEGF-C cDNA 
sequence set forth in SEQ ID NO: 7 corresponds to position 
2632 of SEQ ID NO: 48; the translation initiation codon 

50 corresponds to positions 2983-2985 of SEQ ID NO: 48.) 
Similar to what has been observed with the VEGF gene, the 
VEGF-C promoter is rich in G and C residues and lacks 
consensus TATA and CC AAT sequences. 'Instead, it has 
numerous putative binding sites (5'-GGGCGG-3' or 

55 5-CCGCCC-3') for Spl, a ubiquitous nuclear protein that 
can initiate transcription of TATA-less genes. See Pugh and 
Tjian, Genes and Dev., 5:105-119 (1991). In addition, 
sequences upstream of the VEGF-C translation start site 
were found to contain frequent consensus binding sites for 

60 the AP-2 factor (5-GCCN 3 GCC-3) and binding sites for the 
AP-1 factor (5-TKASTCA-3'). Binding sites for regulators 
of tissue-specific gene expression, like NFKB and GATA, 
are located in the distant part of VEGF-C promoter. This 
suggests that the cAMP-de pen dent protein kinase and pro- 

65 tein kinase C, as activators of AP-2 transcription factor 
[Curran and Franza, Cell, 55:395-397 (1988)], mediate 
VEGF-C transcriptional regulation. 
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The VEGF-C gene is abundantly expressed in adult 
human tissues, such as heart, placenta, ovary and small ■ 
intestine, and is induced by a variety of factors. Indeed, 
several potential binding sites for regulators of tissue- 
specific gene expression, like NFkB (5'-GGGRNTVYC-3') 
and GATA, are located in the distal part of the Vfc-GK-C 
promoter. For example, NFUR is known to regulate the 
expression of tissue factor in endothelial cells. AJso, tran- 
scription factors of tbe GATA family are thought to regulate 
cell-type specific gene expression. 

Unlike VEGF, the VEGF-C gene docs not contain a 
binding site for the hypoxia-inducible factor, HIF-1 (Levy et 
al..J. Biol Chew,, 270: 13333-13340 (1995)). This finding 
suggests that if the VEGF-C MRNA is regulated by hypoxia, 
the mechanism would be based mainly on the regulation of 
MRNA stability. In this regard, numerous studies have 
shown that the major control point for the hypoxic induction 
of the VEGF gene is the regulation of the steady-state level 
of mRNA. See Levy et al.,7. Biol. Chem., 271:' 2746-2753 
( 1996). The relative rate of VEGF mRNA stability and decay 
is considered to be determined by the presence of specific 
sequence motifs in its 3' untranslated region (UTR), which 
have been demonstrated xo regulate MRNA stability. (Chen 
and Shyn, Mni. Ceil Bioi., 14: S471-8482 (1994)), The 
.T-UTR of the VEGF-C gene also contains a putative motif 
of this tvpe (TTATTT), at positions 1873-1 S78 of SEQ ID 
NO: 7. 

To identify DNA elements important for basal expression 
of VEGF-C in transfected cells, a set of luciferase reporter 
plasmids containing serial 5* deletions through the promoter 
region was constructed. Restriction fragments of genomic 
DNA containing 5' portions of the first exon were cloned 
into the polylinker of the pGL3- reporter vector (Promega) 
and confirmed by sequencing. About 10 tig of the individual 
constructs in combination with 2 ug of pSV2-f3- 
galactosidase plasmid (used as a control of transfection 
efficiency) were transfected into He La cells using the cal- 
cium phosphate -mediated transfection method. Two days 
after transfection, the cells were harvested and subjected to 
the luciferase assay. The luciferase activity was normalized 
to that of the pGT.3 control vector driven by SV40 promoter/ 
enhancer. 

As depicted in FIG. 15, the 5.5 kb Xbol-Rsrll fragment of 
clone lambda 5 gave nearly 9-fold elevated activity when 
compared with a promoterless vector. Deletion of a 5' 
Xhol-Hindlll fragment of 2 kb had no effect on the promoter 
activity. The activity of the 1.16 kb Xbal-RsrII fragment was 
about twice that of the pGL3 basic vector, while the activity 
of the same fragment in the reverse orientation was at 
background level. Further deletion of the Xbal-SacI frag- 
.ment caused an increase in the promoter activity, suggesting 
the presence of silencer elements in the region from -1057 
to -199 (i.e., 199 to 1057 bp upstream from the transcription 
initiation site). The shortest fragment (SacII-RsrII) yielded 
only background activity, which was consistent with the fact 
that the mRNA initiation site was not present in this con- 
struct. 

S To determine whether further sequences in the first exon 
of human VEGF-C are important for basal expression, an 
Rsrll fragment spanning nucleotides 214-495 (i.e., 214-495 
bp downstream from the transcription initiation site) was 
subcloned in between of Xbal-RsrII fragment and the 
luciferase reporter gene. Indeed, the obtained construct 
showed an 50 % inerease in activity when compared with the 
Xbal-RsrII construct. 

The VEGF gene has been shown to be up-regulated by a 
number of stimuli including serum derived growth factors. 



To find out whether the VEGF-C gene also can be stimulated 
by serum. RNA from serum-starved and serura-stimulnied 
HT1080 cells was subjected to primer extension analysis, 
which demonstrated that VEGF-C MRNA is up- regulated by 
serum stimulation. 

Additional serum stimulation experiments indicated that 
the serum stimulation leads to increased VEGF-C promoter 
activity. Cells were transfected as described above and 24 h 
after transfection changed into medium containing 0.59c 
bovine serum albumin. Cells were then stimulated with 10% 
fetal calf serum for 4 hours and analyzed. The Xbal-RsrII 
promoter construct derived from lambda 5 yielded a twofold 
increased activity upon serum stimulation, while the same 
fragment in the reverse orientation showed no response. /Ml 
other promoter constructs also showed up-regulatiom rang- 
ing from 1.4 to 1.6 fold (FIG. 15). 

EXAMPLE 32 

Identification of a VEGF-C Splice Variant 

As reported in Example 16. a major 2.4 kb VEGF-C 
mRNA and smaller amounts of a 2.0 kb mRNA are observ- 
able. To clarify the origin of these KNAS, several additional 
VEGF-C cDNAs were isolated and characterized. A human 
fibrosarcoma CON A library from HTI0S0 cells in the 
lambda gtll vector (Clontech, product #HL1048b) was 
screened using a 153 bp human VEGF-C cDNA fragment as 
a probe as described in Example 10. See also Joukov et al., 
EMBO J., 15:290-298 (199G). Nine positive clones were 
picked and analyzed by PCR amplification using oligonucle- 
otides 5 ' -C A CG G CTTATG C AA G C AAAG - 3' (SEQ ID NO: 

49) and 5 ' - AAC A C AG TTTTC C ATAATAG - 3 ' (SEQ ID NO: 

50) These oligonucleotides were selected to amplify the 
portion of the VEGF-C cDN A corresponding to nucleotides 
495-1661 of SEQ ID NO: 7. PCR was performed using an 
annealing temperature of 55° C. and 25 cycles. 

The resultant PCR products were electrophoresed on 
agarose gels. Five clones out of the nine analyzed generated 
PCR fragments of the expected length of 1147 base pairs, 
whereas one was slightly shorter. The shorter fragment and 
one of the fragments of expected length were cloned into the 
pCRTMII vector (Invitrogen) and analyzed by sequencing. 
The sequence revealed that the shorter PCR fragment had a 
deletion of 153 base pairs, corresponding to nucleotides 904 
to 1055 of SEQ ID NO: 7. These deleted bases correspond 
to exon 4 of the human and mouse VEGF-C genes, sche- 
matically depicted in FIGS. 13A and 13B. Deletion of exon 
4 results in a frameshift, which in turn results in a C-terminal 
truncation of the full-length VEGF-C precursor, with fifteen 
amino acid residues translated from exon 5 in a different 
frame than the frame used to express the full-length protein. 
Thus, the C-terminal amino acid sequence of the resulting 
truncated polypeptide would be — Leu (lSl)-Ser-Lys-Thr- 
Val-Ser-Glv-Ser-Glu-Gln-Asp-Leu-Pro-His-Glu-Leu-His- 
Val-Glu (199) (SEQ ID NO: 51). The polypeptide encoded 
by this splice variant would not contain the C-tcrminal 
cleavage site of the VEGF-C precursor. Thus, a putative 
alternatively spliced RNA form lacking conserved exon 4 
was identified in HT-1080 fibrosarcoma cells and this form 
is predicted to encode a protein of 199 amino acid residues, 
which could be an antagonist of VEGF-C. 

EXAMPLE 33 

VEGF-C is Similarly Processed in Different Cell 
Cultures in Vitro 

To study whether VEGF-C is similarly processed in 
different cell types, 293 EBNA cells, COS-1 cells and 



6,130,071 

" 57 

HT-IO80 cells were transfected with wild type human 
VEGF-C CDNA and labelled with Pro-Mix™ as described 
in Example 22. The conditioned media from the cultures 
were collected and subjected to immunoprecipitation using 
-antiserum S82 (described in Example 21, recognizing a 
peptide corresponding to amino acids 104-120 of SEQ ID 
NO: 8). The immunoprccipitatcd polypeptides were sepa- 
rated via SDS-PAGE, and delected via autoradiography. The 
major form of secreted recombinant VEGF-C observed from 
all' cell lines tested is a 29/32 kD doublet. These two 
polypeptides are bound to each other by disulfide bonds, as 
described in Example 22. A less prominent band of approxi- 
mately 21 kD also was detected in the culture media. 
. Additionally, a non-processed VEGF-C precursor of 63 kDa 
' was observed. This form was more prominent in the COS-1 
cells, suggesting that proteolytic processing of VEGF-C in 
COS cells is less efficient than in 293 EBKA cells. Endog- 
enous VEGF-C (in non-transfected cells) was not detectable 
under these experimental conditions in the HT-1080 cells, 
but was readily detected in the conditioned medium of the 
PC-3 cells. Analysis of the subunit polypeptide sizes and 
ratios in PC-3 cells and 293 EBNA cells revealed strikingly 
similar results: the most prominent form was a doublet. of 
29/32 kDa and a less prominent form the 21 kD polypeptide. 
The 21 kD form produced by 293 EBNA cells was not 
recognized by the 8S2 antibody in the Western bio I, although 
it is recognized when the same antibody is used for immu- 
noprecipitation (see data in previous examples). As reported 
in Example 21, cleavage of the 32 kD form in 293 EBNA 
cells occurs between amino acid residues 111 and 112 (SEQ 
ID NO: 8), downstream of the cleavage site in PC-3 cells 
(between residues 102 and 103). Therefore, the 21 kD form 
produced in 293 EBNA cells does not contain the complete 
N-terminal peptide used to generate antiserum S82. In a 
related experiment, PC-3 cells were cultured in serum-free 
medium for varying periods of time (1-8 days) prior to 
isolation of the' conditioned medium. The conditioned 
medium was concentrated using a Cenlricon device. 
(Amicon, Beverly, USA) and subjected to Western blotting 
analysis using antiserum 882. After one day of culturing,.a 
prominent 32 kD band was delected. Inc-reasing amounts of 
a 21-23 kD form were detected in the conditioned media 
from 4 day and 8 day cultures. The diffuse nature of this 
polypeptide band, which is simply called the 23 kD polypep- 
tide in example 5 and several subsequent examples, is most 
likely due to a heterogeneous and variable amount of 
glycosylaiion. These results indicate that, initially, the cells 
secrete a 32 kD polypeptide, which is .further processed or 
cleaved in the medium to yield the 21-23 kD form. The 
. microheierogeneily uf this polypeptide band .would then 
arise from the variable glycosylate n degree and, from 
microheterogeneity of the processing cleavage sites, such as 
obtained for the amino terminus in PC-3 and 293 EBNA cell 
cultures. The carboxyl terminal cleavage site could also 
vary, examples of possible cleavage sites would be between 
residues 225-226, 226-227 and 227-228 as well as between 
residues 210-217. Taken together, these data suggest the 
possibility that secreted cellular protease(s) are responsible 
for the generation of the 21-23 kD form of VEGF-C from 
the 32 kD polypeptide. Such proteases could be used in vitro 
to cleave VEGF-C precursor proteins in solution during the 
production of VEGF-C, or used in cell culture and in vivo to 
release biologically active VEGF-C. 

EXAMPLE 34 
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VEGF-C or a construct encoding VEGF-C ANACHis 
'(Example 2S) and about 4S hours after transfection, meta- 
bolically labelled with Pro-Mix™ as described in previous 
examples. The media were collected from mock-transfected 
and transfected cells and used for receptor binding analyses. 

Receptor binding was carried out in binding buffer (PBS, 
0.5% BSA, 0.02% Tween 20, 1 microgram/ml heparin) 
containing approximately 0.2 microgram of either (a) a 
fusion protein comprising a VEGFR-3 extracellular domain 
fused to an immunoglobulin sequence (VEGFR-3-Ig) or (b) 
^a Fusion protein comprising VEGFR-2 extracellular domain 
fused to an alkaline phosphatase sequence (VEGF-R-2-AP; 
Can ct i\.,J. Rioi Chew. 271 :31 54-62 (1 996)). As a control, 
similar aliquots of the 293 EBNA conditioned media were 
mixed with 2 id of anti- VEGF-C antiserum (VEGF-C IP). 

Alter incubation for 2 hours at room temperature, anli- 
" VEGF-C antibodies and VEGFR-3-lg protein were 
adsorbed to protein A-scph arose (PAS) and VEGFR-2- AP 
wasimmunoprecipitated using anti-AP monoclonal antibod- 
ies (Medix Biotech, Genzyme Diagnostics. San Carlos, 
Calif., USA) and protein G-sepharose. Complexes contain- 
ing VEGF-C bound to VEGFR-3-Ig or VEGFR-2-AP were 
washed three times in binding buffer, twice in 20 mM 
Tris-HCl (pH 7.4) and VEGF-C immunoprecipitates were 
'- washed three times in RIPA buffer and twice in 20 mM 
tris-HCl (pH 7.4) and analyzed via SDS-PAGE under reduc- 
ing and nonreducing conditions. As a control, the same 
media were precipitated with anti-AP and protein 
G-sepharose (PGS) or with PAS to control for possible 
] nonspecific adsorption. 

These experiments revealed that VEGFR-3 bound to both 
the 32/29 kD and 21-23 kD forms of recombinant VEGF-C, 
whereas VEGFR-2 bound preferentially to the 21-23 kD 
component from the conditioned media. In addition, small . 
' amounts of 63 kD and 52 kD VEGF-C forms were observed 
binding with VEGFR-3. Further analysis under nonreducing 
* conditions indicalcs'that a great proportion of the 21-23 kD 
VEGF-C bound to either receptor does not -contain inter- 
chain disulfide bonds. These findings reinforce the results 
3 that VEGF-C binds VEGFR-2. This data suggests a utility 
for recombinant forms of VEGF-C which are active towards 
VEGFR-3 only or which are active towards both VEGFR-3 
and VEGFR-2. On the other hand, these results, together 
with the results in Example 28, do not eliminate the possi- 
5 bility that the 32/29 kD dimer binds VEGFR-3 but does not 
activate it. The failure of the 32/29 kD dimer to activate 
VEGFR-3 could explain the finding that conditioned 
medium from the N-His VEGF-C transfected cells induced 
a less prominent tyrosine phosphorylation of VEGFR-3 than 
3 medium from VEGF-C ANACHis transfected cells, even 
though expression of the former polypeptide was much 
higher. Stable VEGF-C poly-peptide mutants that bind to a 
VEGF-C receptor but fail to activate the receptor are useful 
as-VEGF-C antagonists. 



EXAMPLE 35 

Discovery of VEGF-C Analogs lhat Selectively 
Bind to and Activate VEGFR-3, But Not VCC.rR-2 



Differential Binding of VEGF-C Forms by the 
Extracellular Domains of VEGFR-3 and VEGFR-2 
In two parallel experiments, 293 EBNA cells were trans- 
fected with a construct encoding recombinant wild type 



To further identify the cysteiue residues of VEGF-C that 
are critical for retaining VEGF-C biological activities, an 
additional VEGF-C mutant, designated VEGF- 
CANACHisCl56S, was synthesized, in which the cysteine 
residue at position 156 of the 419 amino acid VEGF-C 
precursor (SEQ ID NO: 8; Genbank accession number 
X94216) was replaced with a serine residue. 
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The mutagenesis procedure was carried out using the 
construct of VEGF-CANACHis (see Example 28), cloned in 
the p ALTER vector, and the Altered sites II in viiro 
mutagenesis svstem of Promeea. An • oligonucleotide 
5^GACGGACACAGATGGAGGTTTAAAG- 3' (SEQ ID 5 
NO: 52) was used to introduce the desired mutation in the 
CDN A encoding VEGF-CANACIIis. The resulting mutated 
VEGF-C cDNA fragment was suhcloncd into the Hindi II. 

_NoiI sites of the pREP-7 vector (Inviirogen), and the final 

"construct was resequenced to confirm the C156S mutation, l'j 
The resultant clone has an open reading frame encoding 
amino acids 103-225 of SEQ ID NO: 8 (with a serine codon 
at positiou 156) ; and further encoding a 6xHis tag. 

The wildtvpe VEGF-C cDNA and three VEGF-C mutant 

-constructs (VEGF-C R226,227S, VEGF-C ANACHis, and 
VEGF-C ANACHisC156S) were used to iransfect 293 
EBNA cells, which were subcultured 16 hours after traus- 
fection. About 48 hours after transfection, the media were 
changed to DMEM/C1.1% BSA, and incubation in this 
medium was continued for an additional 48 hours. The 2 ~ 
resultant conditioned media were concentrated 30-fold using 
Centriprep-10 (Amicon), and the amount of VEGF-C in the 
media was analyzed by Western blotting using the anti- 
VEGF-C antiserum 882 for immunodetection. Different 
amounts of the recombinant VEGF-C ANACHis, purified ^ 
from a yeast expression system, were analyzed in parallel as 

' reference samples to measure and equalize the VEGF-C 
concentrations in the conditioned media. The conditioned 
medium from mock-transfected cells was used to dilute the 
VEGF-C conditioned media to achieve equal concentra- 3C 
tions. 

An alliquot of the transfected cells were mctabolically 
labelled for 6 h with 100 microcuries/ml of the PRO-MIX™ 
L- [ 35 S] in vitro cell" labelling mix (Amersham). The con- 
ditioned media were collected, and binding of the radioac- 
livelv labelled VEGF-C proteins lo the extracellular 
domains of VEGFR-3 and VEGFR-2 was analyzed using 
recombinant^ produced VEGFR-3 EC- Ig and VEGFR-2EC- 
Ig constructs (containing seven and three Ig loops of the * 
extracellular domains of the respective receptors, fused to an 
immunoglobulin heavy chain constant region). 

As shown in FIG. 14A, all processed VEGF-C forms 
. secreted lo the culture medium bound to VEGFR-3EC 
domain, with preferential binding of the 21 kDa form (left 
panel). When present at high concentrations, the VEGF-C 
forms of 58 kDa and 29/31 kDa bound to some extent 
uon-specifically to protein A Sepharose (PAS, right panel). 

The VEGFR-2EC domain preferentially bound the 
mature 21 kDa form of wildtvpe VEGF-C and VEGF- < 3 
CANACHis. Significantly, VEGF-CANACHisC156S failed 
to bind the VEGFR2-EC (FIG. 14A, middle panel). 

Next, the ability of the above-described VEGF-C 
polypeptides to compete with the 125 1- VEGF-C ANACHis 
for binding to VEGFR-2 and VEGFR-3 was analyzed. 55 
Scatchard analysis using VEGF-C ACANHis provided indi- 
cations of the VEGF-C binding affinity for VEGFR-3 (K^ 
135 pM) and VEGFR-2 (K o ~4l0 pM). Ten micrograms of 
the purified yeast VEGF-C ANACHis was labeled using 3 
mCi of Iodine-125, carrier-free (Amersham), and an lodo-, ti o 
Gen Iodination Reagent (Pierce), according to the standard 
protocol of Pierce. The resulting specific activity of the 
labeled VEGF-CANACHis was 1.25X10" 5 cpm/ug. 

To study receptor binding, PAEA^EGFR-2 and PAE/ 
VEGFR-3 cells were seeded into 24-well tissue culture 65 
plates (Nunclon), which had been coated with 2% gelatin in 
PBS. The 3 25 - VEGF-C ANACHis (2xl0 5 cpm) and different 
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amounts of media containing equal concentrations of the 
non-labeled VEGF-C (wildtvpe and mutants) were added to 
each plate in Ham's F12 medium, containing 25 mM 
HEPES (pH 8.0"), 0.1% BSA, and 0.1<?c NaN 3 . The binding 
was allowed to proceed at room temperature for 90 minutes. . 
The plates were then transferred onto ice and washed three 
times with ice-cold PDS containing 0.1% BSA. The cells 
were then Ivscd in 1 M, NaOH, the lysatcs were collected, 
and the radioactivity was measured using a 7-coumer. Bind- 
ing in the presence of VEGF-C-containing conditioned 
medium was calculated as a percentage of binding observed 
in parallel control studies wherein equal volumes of medium 
from mock-transfected cells were used instead of VEGF-C 
conditioned media. 

As shown in FIG. 14B. left panel, all VEGF-C mutants 
displaced :2; I-VEGF-CANACHis from VEGFR-3. The effi- 
ciency of displacement was as follows: VEGF- 
CANACJIisC156S>VCGF-CANACIIis>wildtype VEGF- 
C>VEGF-CR226.227S. These results indicate that enhanced 
binding to VEGFR-3 was obtained upon "recombinant 
maturation" of VEGF-C. Recombinant VEGF 165 failed to 
displace VEGF-C from VEGFR-3: 

VEGF. VEGF-CANACHis/ and wildtype VEGF-C all 
efficiently displaced labeled VEGF-CANACHis from 
VEGFR-2, with VEGF-CANACHis being more potent when 
compared to wildtype VEGF-C (FIG. IB, right panel). The 
non-processed VEGF-C R226,227S showed only weak 
competition of 125 1 -VEGF-CANACHis. 

Surprisingly' VEGF-CANACHisR156S failed to displace 
VEGF-CANACHis from VEGFR-2, thus confirming the 
above described results ob tamed using a soluble extracellu- 
lar domain of VEGFR-2. 

The ability of the above mentioned VEGF-C forms to 
stimulate tyrosine phosphorylation of VEGFR-3 and 
VEGFR-2 was also investigated. Importantly, identical dilu- 
tions of the conditioned media were used for these experi- 
ments and for the competitive binding experiments 
described above. A Western blot analysis of the conditioned 
media using anti- VEGF-C antiserum 882 was performed to 
confirm the approximately equal relative amounts of the 
factors present. 

The stimulation of VEGFR-3 and VEGFR-2 autophos- 
phorylation by the different VEGF-C forms in general 
correlated with their binding properties, as well as with the 
degree of "recombinant processing" of VEGF-C. The 
VEGF-CANACHisCl5GS appeared to be at least aspoteut as 
VEGF-CANACHis in stimulating VEGFR-3 autophOspho- 
rylation. VEGF-CANACHis showed a higher potency when 
compared to wildtype VEGF-C in its ability to stimulate 
tyrosine autophosphorylation of both VEGFR-2 and 
VEGFR-3. The VEGF-CR226.227S conditioned medium 
possessed a considerably weaker effect on autophosphory- 
lation of VEGFR-3, and almost no effect on VEGFR-2 
autophosphorylation. 

Stimulation of VEGFR-2 tyrosine phosphorylation by 
VEGF-CANACHisC156S did not differ from that of condi- 
tioned medium from the mock transfected cells, thus con- 
firming the lack of VEGFR-2-binding and VEGFR-2- 
activating properties of this mutant. 

llie ability of VEGF-C ANACHisCl56S to alter vascular 
permeability in vivo was analyzed using the Miles assay (see 
Example 29). The recombinant VEGF-C forms assayed 
(ANACHis, ANACHisC156S) were produced by 293 cells, 
purified from conditioned media using Ni-NTA Superflow 
resin (QIAGEN) as previously described, and pretreated 
with 15 /*g/ml of anti-humau VEGF neutralizing antibody 
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(R&D systems) to neutralise residual amounts of 
' co-purified, endogenously produced VEGF. Eight picomoles 
of the various VEGF-C forms, as well as 2 pmol of recom- 
binant- human VEGF165 (R&D systems) and approximately 
2 pmol of VEGF165 from the conditioned medium which 
were either non-treated or prelreated with the above men- 
tioned VEGF-neulralizing antibody were injected subcuta- 
ncously to the hack region of a guinea pig. The area of 
injection was analyzed 20 minutes after injections. Both 
VEGF and VEGF-C ANACHis caused increases in vascular 
permeability, whereas ANACHisCl56S did not affect vas- 
cular permeability. The .neutralizing antibody completely 
blocked permeability activity of VEGF but did not affect 
VEGF-C activity. Residual permeability activity observed 
for the VEGF-containing conditioned-medium even after its 
treatment with VEGF neutralizing antibody was presumably 
caused by permeability factors other than VEGF that are 
. produced by 293 cells. 

The Miles assay also was. used to assay the ability of 
VEGF-C R226,227S (8 pM, prctrcatcd with anti-VEGF 2 ~ 
antibody) to induce vascular permeability. The results indi- 
cated that the. ability of VEGF-C R226.227S to induce 
vascular permeability was much weaker when compared to 
wildtype and ANACHis forms of VEGF-C. Collectively, this 
Miles assay data is consistent with the VEGFR-2 binding 25 
and autophosphorylation data described above, and indicates 
that VEGF-C effect on vascular permeability is mediated via 
VEGFR-2. 

The foregoing data indicates that proteolytic processing of 
VEGF-C results in an increase in its ability to bind and to 
activate VEGFR-3 and VEGFR-2. Non-processed VEGF-C 
is a ligand and an activator of preferentially VEGFR-3, 

- while the mature 21/23 kDa VEGF-C form is a high affinity 
ligand and an activator of both VEGFR-3 and VEGFR-2. 

Moreover, replacement of the cysteine residue at position 
156 (of prepro- VEGF-C, SEQ ID NO: H) creates a selective 
ligand and activator of VEGFR-3. This alteration inactivates 

. the ability of processed VEGF-C to bind to VEGFR-2 and 
to activate VEGFR-2. Importantly, it is believed that the 43 
elimination of the cysteine at position 156 is the alteration 
responsible for this unexpected alteration in VEGF-C 
selectivity, and not the substitution of a serine per se. It is 
expected that replacement of the cysteine at position 156 
with other amino acids, or the mere deletion of this cysteine, 45 
will also result in VEGF-C analogs having selective bio- 
logical activity with respect to VEGFR-3. All such replace- 
ment and deletion analogs (collectively referred to as 
VEGF-C AC 15e) polypeptides) are contemplated as aspects 
of the present invention. 5C 

VEGF-C polypeptides that have the C156S mutation (or 
functposition equivalent mutations at position 156) and that 
retain biological activity with respect to VEGFR-3, such as 
VEGF-C ANACHisC156S, are useful in all of the same 
maimers described above for wildtype VEGF-C proteins and 55 
biologically active fragments thereof where VEGFR-3 
stimulation is desired. It is contemplated that most biologi- 
cally active VEGF-C fragments and processing variants, 
including but not limited to the biologically active fragments 
and variants identified in preceding examples, will retain 60 
VEGF-C biological activity (as mediated through VEGFR- 

. 3) when a AC J5 .$ mutation is introduced. All such biologi- 
cally active VEGF-C AC l36 polypeptides are intended as an 
aspect of the present invention. 

Moreover, VEGF-C forms containing the C156S mutation 65 
or equivalent mutations can be used to distinguish those 
effects of VEGF-C mediated via VEGFR-3 and VEGFR-2 
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from those obtained via only VEGFR-3. The ability of such 
VEGF-C polypeptides to selectively stimulate VEGFR-3 arc 
also expected to be useful in clinical practice, it being 
understood that selectivity of a pharmaceutical is highly 
desirable in many clinical contexts. For example, the selec- 
tivity of VEGF-C AC, M polypeptides for VEGFR-3 binding 
suggests a utility for these peptides to modulate VEGF-C 
biological activities mediated through VEGFR-3, without 
significant concomitant modulation of blood vessel pcrmc- 
IZ ability or other VEGF-C activities that are rnodulaied 
through VEGFR-2. 

The data presented herein also indicates a utility for AC I56 
polypeptides that are capable of binding VEGFR-3, but that 
do not retain biological activity mediated through VEGFR- 
3. Specifically, such forms arc believed to he capable of 
competing with wildtype VEGF-C for binding to VEGFR-3, 
and are therefore contemplated as molecules that inhibit 
VEGF-C-mediated stimulation of VEGFR-3. Because of the 
AC 156 alteration, such polypeptides (especially covalent or 
noncovalent dimers of such polypeptides) are not expected 
to bind VEGFR-2. Inus, certain AC 13e polypeptides and 
polypeptide dimers arc expected to have utility as selective 
inhibitors of VEGF-C biological activity mediated through 
VEGFR-3 (i.e., without substantially altering VEGF-C 
mediated stimulation of VEGFR-2). 

In another embodiment of the invention, heterodimers 
comprising a biologically active VEGF-C polypeptide in 
association with a AC 15G polypeptide arc contemplated. It is 
contemplated that such heterodimers can be formed in vitro, 
as described below in Example 37, or formed in vivo with 
endogenous VEGF-C following administration of a AC 156 
polypeptide. Such heterodimers are contemplated as modu- 
lators of VEGF-C mediated effects in cells where the bio- 
logical- effects of VEGF-C. are mediated through VEGFR- 
2/VEGFR-3 heterodimers. VEGF-C AC 15G polypeptides in 
homodimers or in heterodimers with wt VEGF-C might 
selectively inhibit the ability of the latter to induce VEGF- 
like effects, particularly to increase the vascular permeabil- 
ity. 

EXAMPLE 36 
Utility for VEGF-C in Promoting Myelopoiesis 

The effects of VEGF-C on hematopoiesis were also 
analyzed. Specifically, leukocytes populations were ana- 
lyzed in blood samples taken from the Fl transgenic mice 
described in Example 29, and from their non-transgenic 
littcrmates. Leukocyte population data from these mice and- 
from non-transgenic FVB-NIH control mice (i.e., the strain 
used to generate the transgenic mice) are set forth in the 
tables below. 







FVB-NIH MICE 










male 


male . 


female 


male 








5.5 


5.5 


9.5 


9.5 






Cell Type 


months * 


months 


months 


months 


mean * o 


Lymphocytes 


72.20% 


82.17% 


84.25% 


74.25% 


78.22 


= 5.10 


Neu'.rophils 


23.00% 


35.17% 


14.25% 


22.25% 


18.67 


= 3.9S 


Monocytes 


0.65% 


1.00% 


0.25% 


0.50% 


0.60 


= 0.27 


Eosinophils 


2.15% 


1.70% 


1.25% 


3.00% 


2.03 


* 0.65 


Basophils 


• 0.00% 


0.00% 


0.00% 


0.00% 


0 


= 0 
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VEGF-C TRANSGENIC MICE 






rifcle rratc 


male 




Ceil Type 


2 mco:hs . ?.> months 


7 months 


mean ± u 


Lymph Dcy.es 


*1.3Ce ^1.53^ 


lS.?CKr 


33.S3 * 10.70 


Neutrophils 


55.3*2 53.33<> 


so.: 7* 


63. C9 s 12.09 


Monocytes 


i.33 f f 


0.67^ 


1.38 * :.e: 


Eosinophils 


;.17T f 3.5 3 r r 


.50 r c • 


1.72 £ 1.29 


Basophils 


O.UOTe U.0"J«c 


0.0'J'.r 


o £ ;; 


VEGF-C NEGATIVE CONTROL MICE ( NO N-TRANSGEN I C 


LITTERMATES OF VEGF-C TRANSGENIC MICE) 




mnls mule ma'.c 
2 2 3.5 


mi-.le 




Cell Type 


months months months 


mcmhs 


mean £ o 


Lymphocytes 


S9.0C<c f.SQ'i 9,.00'c 


7J.30* 


75.7 £ 10.4: 


Neutrophils 


7.7ff 23.00*:* 7.00'c 


23. 75 ~r 


15.35 £ 3.0 J 


Monocytes 


L5C*> 0.50* O.S^Cc 


C.75?r 


0.9C = 0.37 


Eosinophils 


1.5L'r 9.0<J'.c 0.67-,c 


4.10'* 


3.7V = 3.25 


Basophils 


O.OCr O.OOTc* 0.50~c 


c.forr 


0.25 £ 0.25 



As the foregoing data indicates, the overexpression of 
VEGF-C in the skin of the transgenic mice correlates with 

'a distinct alteration in leukocyte populations. Notably, the 
measured populations of neutrophils were markedly 
increased in the transgenic mice. One explanation for the 
marked increase in neutrophils is a myelopoietic activity 
attributable to VEGF-C. A VEGF-C influence on leukocyte 
trafficking in and out of tissues also may effect observed 
neutrophil populations: Fluorescence-activated cell sorting 
analysis, performed on isolated human bone marrow and 
umbilical cord blood CD34-positive hematopoietic cells, 
demonstrated thai a fraction of these cells are positive for 
Flt4 ( VEGFR-3). Thus, the VEGF-C effect on myelopoiesis 
may be exerted through this. VEGFR-3-positive cell popu- 
lation and its receptors. In any case, the 'foregoing data 
indicates a use for VEFG-C polypeptides to increase granu- 
locyte (and, in particular, neutrophil) counts in human or 
non-human subjects, i.e., in order to assist the subject fight 
infectious diseases. The exploitation of the myelopoietic 
activity of VEGF-C polypeptides is contemplated both in 
vitro (i.e., in cell culture) and in vivo," as a sole myelopoietic 
agent and in combination with other effective agents (e.g., 
granulocyte colony stimulating factor (G-CSF)). 

Additional studies of the myelopoietic effect of VEGF-C. 
using VEGF-C mutants (e.g., VEGF-C AC 156 polypeptides, 
VEGF-C ANACHis, VEGF-C R226,227S) having altered 
VEGFR-2 binding affinities, will elucidate' whether lliis 
effect is mediated through VEGFR-2, VEGFR-3, or both 
receptors, for example. The results of such analysis will be 
useful in determining which VEGF-C mutants have utility as 
myelopoietic agents and which have utility as agents for 

' inhibiting myelopoiesis. 

EXAMPLE 37 

Generation of Heterodimers Consisting of Members 
of the VEGF Family of Growth Factors 

Both naturally-occurring and recombinantly-produced 
heterodimers of polypeptides of the PDGF/VEGF family of 
growth factors have been shown to exist in nature and 
possess mitogenic activities. See, e.g., Cao et al., J. Biol. 
Chan., 271:3154-62 (1996); and DiSalvo, et al., J. Biol. 
Chem., 270:7717-7723 (1995). Heterodimers comprising a 
VEGF-C polypeptide may be generated essential'" ^s 



described In Cao et al. (1996), using recombinantly pro- 
duced VEGF-C polypeptides, such as the VEGF-C polypep- 
tides described in the preceding examples. Briefly, a recom- 
binant^' produced VEGF-C polypeptide is mixed at an 

5 equimolar raiio with another recombinantly produced 
polypeptide of interest, such as a VEGF, VEGF-B, F.LGF, 
PDGFa, POGFp, or c-fos induced growth factor polypep- 
tide. (See, e.g.. Cao' et al. (1990); Collins et al.. Nature, 
316:748-750 (19S5) (PDGF-0, GenBank Acc. No. 

,.. X02811): Claesson-Welsh et al., Proc. Nail. Acad. Sci. USA. 
86(13):4917-492L (19S9) (PDGF-a. GenBank Acc. No. 
M 2 2734): CI aesson- Welsh et al., Mo'l. Cell. Biol. 
8:3476-3486. (1988) (PDGF-f5, GenBank Acc. No. 
M2I6I6); Olofssnn et al., Proc. Natl. Acad. Sci {USA), 

1S 93:2576-2581 (1996) (VEGF-B, GenBank Acc. No. 
U48801); Maglione et al., Proc. Natl. Acad. Sci. (c'£4), 
88(20):9267-9271 (1996) (P1GF, GenBank Acc. No. 
X5493G); Heldin et al., Growth Factors. 8:245-252 (1993); . 
Folkman, Nature Med., 1:27-31 (1995); Friesei et al., 

,„ FASEBJ., 9:919-25 (1995); Mustoncn ct al.,7. Cell. Biol.,. 
129:S95-9S (1995); Orlandini, S., Proc. Natl. Acad. Sci. 
USA, 93(21): 11 675-11680 (1996); and others cited else- 
where herein. The mixed polypeptides are incubated in the 
presence of guanidine-HCl and DTT. The thiol groups are 

, 5 then protected 'with S-sulfonation. and the protein is dia- 
lyzed overnight, initially against urea/glutathione-SH, 
glutathionc-S-S-glutathionc, and subsequently against 20 
mMTris-HCl. 

In a preferred embodiment, a variety of differently pro- 

3= ccsscd VEGF-C forms and VEGF-C variants and analogs, 
such as the ones described in the preceding examples, are ' 
employed as the VEGF-C polypeptide used to generate such 
heterodimers. Thereafter, the heterodimers are screened to 
determine their binding affinilv with respect to receptors'of 

„ the VEGF/PDGF family (especially VEGFR-1, VEGFR-2, 
and VEGFR-3), and their ability to stimulate the receptors 
(e.g.. assaying for dimcr-stimulatcd receptor phosphoryla- 
tion in cells expressing the receptor of interest on their 
surface). The binding assays may be competitive binding 

4C assays such as those described herein and in the art. In the 
initial binding assays, recombinantly produced proteins 
comprising the extracellular domains of receptors are 
employable, as described in preceding examples for 
VEGFR-2 and VEGFR-3. Heterodimers that bind and 

45 stimulate receptors are useful as recombinant growth factor 
.polypeptides. Heterodimers that bind but do not stimulate 
receptors are useful as growth factor antagonists. Het- 
erodimers that display agonislie or antagonistic activities in 
the screening assays are further screened using, e.g., endot- 

5C helial cell migration assays, vascular permeability assays, 
and in vivo assays. It will also be apparent from the 
preceding examples that dimers comprising two VEGF-C 
polypeptides (i.e., dimers of identical VEGF-C polypeptides 
as well as dimers of different VEGF-C polypeptides) are 

5 5 advantageously screened for agonistic and antagonistic 
activities using the same assays. 

In one preferred embodiment, VEGF-C AC 15o , polypep- 
tide is employed to make the dimers. It is anticipated that 
agonists and antagonists comprising a VEGF-C AC l5<J 

62 polypeptide will have increased specificity for stimulating 
and inhibiting VEGFR-3, without concomitant stimulation 
or inhibition of VEGFR-2. 

In another preferred embodiment, VEGF-C polypeptides 
wherein the C-terminal proteolytic cleavage site has been 

65 altered to reduce or eliminate C-terminal processing (e.g. 
VEGF-C R226,227S) is employed to make dimers for 
screening for inhibitory activity. 
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In vet another preferred embodiment. VEGF-C polypep- 
tides" comprising amino-terminal fragments (e.g., the 
VEGF-C 15 kD form described herein) of VEGF-C are 
employed to make dimers. 

It is further contemplated that inactivation of only one 5 
polypeptide chain in a dimcr could be enough to generate an 
inhibitory molecule, which is demonstrated e.g., by the 
generation of PDGF inhibitory mutant as reported- in 
Vassbotn, Mol Cell. Biol, 13:4066-4076 (1993). Therefore, 
in one embodiment, inhibition is achieved by expression in 
vivo of a polynucleotide (e.g., a cDK A construct) encoding 
the heterodimerization partner which is unable to bind (or 
binds inefficiently) to the receptor, or by-direct administra- 
tion of that monomer in a pharmaceutical composition. ^ 

EXAMPLE 38 

Formation and Screening of Useful Recombinant 
VEGF/VEGF-C Genes and Polypeptides 

2 

Amino acid sequence comparison reveals that mature 
VEGF-C bears structural similarity to VEGF121 [Tischer et.. 
al J. Biol. Chem., 266(18): 11947-54 (199.1)], with certain 
noteworthy structural differences. For. example, mature 
VEGF-C contains an unpaired cysteine (position 137 of 
SEQ ID NO: 8) and is able to form non-covalently bonded 
polypeptide dimers. In one embodiment of the invention, a 
VEGF analog is created wherein the unpaired cysteine 
residue from mature VEGF-C is introduced at an analogous 
position of VEGF (e.g., introduced at Leu Sfi . of the human 
VEGF 165 precursor (FIG. 2, Gcnbank Acc. No, M32977) to 
generate a VEGF +CV * mutant designated VEGF L58C). Such 
. an alteration is introduced into the VEGF165 coding 
sequence using site-directed mutagenesis. procedures known 
in the art, such as the procedures described above in pre- 
ceding examples to generate various VEGF-C mutant forms. 
This VEGF* C - VJ mutant is recombinantly expressed and is 
screened (alone and as a hctcrodimcr with other VEGF and 
VEGF-C forms) for VEGFR-2 and/or VEGFR-3 binding, 
stimulatorv, and inhibitory activities, using in vitro and in 
vivo activity assays as described elsewhere herein. To form 



another VEGF analog of the invention, a VEGF* CV * mutant 
is altered to remove a conserved cysteine corresponding to 
cyst of the VEC.ri65 precursor. Elimination of this cysteine 
from the VEGF I5.SC would result in a VEGF analog 
resembling VEGF-CANACHisC156S. This VEGF analog is 
screened for its VEGF- inhibitory activities with respect to 
VEGFR-2 and/or VEGFR-1 and for VEGF-C like stimula- 
tory or inhibitory activities. 

Another noteworthy structural difference between VEGT 
and VEGF-C is the absence in VEGF-C of several basic 
residues found in VEGF (e.g., residues Arg 308 , Lys :12 and 
His r . in the VEGF165 precursor shown in FIG. 2) that have 
been implicated in VEGF receptor binding. See Keyt et al., 
/. Biol Chem., 271(l0):563S-46 (1996). In another embodi- 
ment of the iuveution, codons for basic residues (lys, arg, 
his) are substituted into the VEGF-C coding sequence at one 
or more analogous positions by site-directed mutagenesis. 
For example, in a preferred embodiment, Glu- Q7 , Thr l89 , and 
Pro 1D1 , in VEGF-C (SEQ ID NO: 8) are replaced with Arg, 
Lvs and His residues, respectively. The resultant VEGF-C 
analogs (collectively termed -VEGF-C*"-"*" polypeptides) 
are recombinantlv expressed and screened for VEGrR-1, 
VEGFR-2 and VEGFR-3 stimulatory and inhibitory activ- 
ity. The foregoing VEGF and VEGF-C analogs that have 
VEGF-like activity, VEGF-C-like activity, or that act as 
inhibitors of VEGF or VEGF-C, are contemplated as addi- 
tional aspects of the invention. Polynucleotides encoding the 
analogs also are intended as aspects of the invention. 

3C . Deposit of Biological Materials: Plasmid FLT4-L has 
been deposited with the American Type Culture Collection 
(ATCC), 12301 Parklawn Dr., Rockville Md. 20952 (USA), 
' pursuant to the provisions of the Budapest Treaty, and has 
been assigned a deposit date of Jul. 24, 1995 and ATCC 
35 accession number 97231. 
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While the present invention has been described in terms 
-of specific embodiments, it is understood that variations and 
modifications will occur to those in the art. Accordingly, 
only such limitations as appear in the appended claims 
should be placed on the invention. - 



SEQUENCE LISTING 



(1) GENERAL INFORMATION: 

(iii) NUMBER OF SEQUENCES: 57 



(2) INFORMATION FOR SEQ ID NO : 1 : 

(i) SEQUENCE CHARACTERISTICS: 

, (A) LENGTH: 44 16 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDNA 

(xi) SEQUENCE CESCRIPTION: SEQ ID MC:1: 
CCACGCGCAG CGGCCGGAGA TGCAGCGGG3 CGCCGCGCTG TGCCTGCGAC TGTGGCTCTG 
CCTGGGACTC CTGGACGGCC TGGTGA3TGG CTACTCCATG ACCCCCCCGA CCTTGAACAT 
CACGGAG3AG TCACACGTCA TCGACACCGG TGACAGCCTG TCCATCTCCT GCAGGGGACA 
GCACCCCCTC GAGTGGCCTT GGCCAGGAGC TCAGGAGGCG CCAGCCACCG GAGACAAGGA 
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CAG3GA3GAC ACGGGGG73G TGCGA3ACTG CGAGGGCACA GACGGCAGGC CCTACT3CAA 2 00 

GGTSTC 3CTG CTGCACGA3G T AC AC3CC AA CGACACAGGC AGCTACGTCT GCTACTACAA 360 

G T AC AT Z AAG 3CACGCACCG AGSGCACCAC GGCCGCCAGC TCCTACGTGT TCGTGA3AGA J 20 

CTTTGA3CAG CCATTCATCA ACAAGGCTC-A CACGCTCTTG GTCAACAGGA AGG AC G Z CAT 4 80 

GTG3G73CCC TGTCTGGTGT CCATCCCCGG CCTCAATGTC ACGCTGCGCT CC-CAAAC-CTC 5 40 

G3T3CT3TGG CCAGACGG3C AG3AG3TGG? GTGGGATGAC CGGC3GGGCA TGCTCGTGTC 6 00 

CACSCCACTC- CTGCACGATG CCCTGTACC7 GCAGTGCGAG ACCACCTGG5 GAGACCAGGA 66 0 

CTTCCTTTCC AACCCCTTCC TG3TGCACAT CACAGGCAAC GAGCTCTAT3 ACATCCAGCT - 72 0 

GTTGCCCAGG AAGTCGCT3G AGCTGCTGGT AGGGGAGAAG CTGGTCCTGA ACTGCACCGT 7 80 

GTGGGCTGAG TTTAACTCAG GT3TCACC TT TGACT GG 3 AC CACCCAGGGA AGCAGGCAGA 640 

CCGGGCTAAG TGG3TGCCCG AGCGACGCTC CCAGCAGACC CACACAGAAC TCTCCA3CAT SOO 
CCTGACCATC ' CACAACGTCA GCCAGCACGA CCTGGGCTCG TATGTGTGCA AGGCC AACAA 9 60 

C3GCATCCAG CGATTTCGGG AGAGCACCGA GGTCATTGTG C ATG AAAAT 3 CCTTCATCAG 1C20 

C3TCGA3TGG CTCAAAGGAC CCATCCTGGA GGCCACGGCA GGAGACGAGC TGGTGAAGCT 1C80 

GCCCGT3AAG CTGGCAGCGT ACCCCCCGCC CGAGTTCCAG TGGTACAAG3 ATGGAAAGGC 1140 

ACTGTCCGGG CGCCACAGTC CACATGCCCT GGTGCTCAAG GAGGTGACAG AGGCCAGCAC 120 0 

A3GCACCTAC ACCCTCGCCC TGTGGAACTC CGCTCCTGGC CTGA3GCGCA ACATCA3CCT 1260 

GGAGCCGGTG GTGAATG7GC CCCCCCAGAT AC ATG AG AAG GAGGCCTCCT CCCCCA3CAT 1320 

CTACTCGCGT CACAGCCGCC AGGCC CTC AC CTGCACGGCC TACG3GGTGC CCCTGCCTCT 138 0 

CAGCATCCAG TGGCACTG3C GGCCCTGGAC ACCCTGCAAG ATGTTTGCCC AGCGTA3TCT 14 40. 

CCG3CG3CGG CAGCAGCAAG ACCTCATGCC ACAGTGCCGT GACT3GAGGG C GGTG AC CAC 1500 

GCAGGATGCC 3TGAACCCCA TCGAGAGCCT GGACACC TGG ACCGAGTTT 3 TGGAGG3AAA 1560 

GAATAAGACT 3TGAGCAA3C TGGTGATCCA GAATGCCAAC GTGTCTGCCA TGTACAAGTG 162 0 

7GTGGTCTCC AACAAGGTSG GCCAGGATGA GCGGCTCATC TACTTCTAT3 TGACC AC CAT 168 0 

CCCCGACGGC T TC ACC AC CG AATCCAAGCC ATCCGAGSAG CTACTAGAG3 GCCAGCCGGT 174 0 

GCTCCT3AGC TGCCAAGCCG ACAGCTACAA G7ACGAGCAT CTGCGCTGGT ACCGCCTCAA 1800 

CCTGTCCACG CTGCACGATG CGCACGGGAA CCCGCTTCTG CTCGACTGCA AGAACGTGCA ' 1660 

TCTGTTCGCC ACCCCTCT3G CCGCCAGCCT GGAGGAGGTG GCACCTGGGG • CGCGCCACGC 1920 

CACGCTCAGC CTGAGTATCC CCCGCGTCC-C GCCCGAGCAC GAGGGCCACT ATGTGT3CGA 19 80 

A3T3CAAGAC CGGCGCAGCC ATGACAAGCA CTGCC AC AAG AAGTACCTGT CGGTGCAGGC 2C4 0 

CCT3GAAGCC CCTCGGCTCA CGCAGAACTT GACCGACCTC CTGGTGAACG TGAGCGACTC 2100 

GCT3GA3ATG CAGTGCTT3G TGGCC3GAGC GCACGCGCCC AGCATCGTGT GGTACAAAGA 2160 

C3A3AGGCTG CTG3AGGAAA AGTCTGGAGC CGACTTG3CG GACTCCAACC AGAAGCTGAG 222 0 

• CATCCA3CGC 3TGCGCGAGG AGGA73CCGG ACGCTATCTG TGCA3CGTGT GCAACGCCAA 2 280 
GGGCTGCGTC AACTCCTCCG CCAGC3TGGC CGTGGAA3GC TCCGAGGATA AGGGC A3CAT 2 24 0 
GGA3ATCGTG ATCCTTGTCG GTACCSGCG7 CATCGCT3TC CTCTTCTGGG TCCTCCTCCT 2400 
CCTCATCTTC TGTAACATGA GGAGGCCGGC CCACGCA3AC ATCAAGAC.GG GCTACCTGTC 24 60 
CATC ATC ATG GACCCCGGGG AG3TGCCTCT GGAGGAGCAA TGCGAATACC TGTCCTACGA 2520 
T3C3AG3CAG TGGGAATTCC CCCGA3AGCG GCTGCACCTG GGGAGAGTGC TCGGCTACGG 25 80 , 
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CGCCTTCGGG AAGGTGGTGG AAGCCTCCGC TTTCGGCATC CACAAGGGCA GCAGCTGTGA ' 26 4 0 

CACCGT 3GCC GTGAAAATGC TGAAAGAGGG CGCCACGGCC AGCGAGCACC GCGCGCTGAT 27 00 

GTCGGAGCTC AAGATCCTCA TTCACATCGG CAACCACCTC AACGTGGTCA ACCTCCTCGG 27 6 0 

GGCGTGCACC AAGCCGCAGG GCCCCCTCAT GGTGATCGTG GAGTTCTGCA AGTACGGCAA 2 620 

CCTCTCCAAC TTCCTCCGCG CCAAGCGGGA CCCCTTCAGC CCCTGCGCGG AGAAGTCTCC 2 £80 

CGA3CAGCGC 3GACGCTTCC GC3CCATGGT GGAGCTCGCC AGGCTGGATC GGAGGCGGCC 294 0 

GGGGAGCAGC GACAGGGTCC TCTTCGCGCG GTTCTCGAAG ACCGAGGGCG GAGCGAGGCG 3 COO 

•GGCTTCTCCA GACCAAGAAG CTGAGGACCT GTGGCTGAGC CCGCTGACCA TGGAAGATCT 3C60 

TGTCTGCTAC AGCTTCCAGG TGGCCAGAGG GATGGAGTTC CTGGCTTCCC GAAAGTGCAT 3120 

CCACAGAGAC CTGGCTGCTC GGAACATTCT GCTGTCGGAA AGCGACGTGG TGAAGATCTG 3180 

TGACTTTGGC CTTGCCCGGG ACATCTACAA AGACCCTGAC TACGTCCGCA AGGGCAGTGC 3 2 40 

CCGGCTGCCC CTGAAGTGGA TGGCCCCTGA AAGCATCTTC GACAAGGTGT ACACCACGCA 3200" 

GAGTGACGTG TGGTCCTTTG C-GGTGCTTCT CTGGGAGATC TTCTCTCTGG GGGCCTCCCC 3 2 60" 

GTACCCTGGG GTGCAGATCA ATGAGGAGTT CTGCCAGCGG CTGAGAGACG GCACAAGGAT 34 20 

GAGGGC CCCG GAGCTGGCCA CTCCCGCCAT ACGCCGCATC ATGCTGAACT CCTGGTCCGG 3 4 80 

A3ACCC0AAG GCGAGACCTG CATTCTCGGA GCTGGTGGAG ATCCTGGGGG ACCTGCTCCA 35 4 0 

GGGCACGGCC CTCCAAGAGG AAGAGGAGGT CTGCATGGCC CCGCGCAGCT CTCAGAGCTC 3 600 

AGAAGAGGGC AGCTTCTCGC AGGTGTCCAC CATGGCCCTA CACATCGCCC AGGCTGACGC 3 66 0 

TGAGGACAGC CCGCCAAGCC TGCAGCGCCA CAGCCTGGCC GCCA3GTATT ACAACTGGGT 372 0 

GTCCTTTCCC GGGTGCCTGG CCAGAGGGGC TGAGACCCGT GGTTCCTCCA GGATGAAGAC 3780 

ATTTGAGGAA TTCCCCATGA CCCCAACGAC CTACAAAGGC TCTGTGGACA ACCAGACAGA 3 64 0 

CAGTGGGATG 3TGCTGGCCT CGGAGGAGTT TGAGCAGATA GAGAGCAGGC ATAGACAAGA 3 90 0 

AAGCGGCTTC AGGTAGCTGA AGCAGAGAGA GAGAAGGCAG CATACGTCAG CATTTTCTTC 3 96 0 

TCTGCACTTA TAAGAAAGAT CAAAGACTTT AAGACTTTCG CTATTTCTTC TACTGCTATC 4C2 0 

TACTACAAAC TTCAAAGAGG AACCAGGAGG ACAAGAGGAG CATGAAAGTG GACAAGGAGT 4C8 0 

GTGACCACTG AAGCACCACA GGGAAGGGGT TAGGCCTCCG GATGACTGCG GGCAGGCCTG 4 140 

GATAATATCC AGCCTCCCAC AAGAAGCTGG TGGAGCAGAG TGTTCCCTGA CTCCTCCAAG 4 20 0 

G AAA GG GAGA CGC CCTTTCA TGGTCTGCTG AGTAACAGGT GC NTT CC CAG ACACTGGCGT 4 26 0 

TACTGCTTCA CCAAAGAGCC CTCAAGCGGC CCTTATGCCA GCGTGACAGA GGGCTCACCT 4 320 

CTTGCCTTCT AGGTCACTTC TCACACAATG TCCCTTCAGC ACCTGACCCT GTGCCCGCCA 4 3 80 

GTTATTCCTT GGTAATATGA GTAATACATC AAAGAG <4 16 



(2) INFORMATION FCR SEC I- NO: 2: 

(X) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 216 base pairB 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 
{D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: c^TIA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:2: 
CAAGAAAGCG GCTTCAGCTG TAAAGGACCT GGCCAGAATG TGGCTGTGAC CAGGGCACAC 6 0 

CCTGACTCCC AAGGGAGGCG GCGGCGGCCT GAGCGGGGGG CCCGAGGAGG CCAGGTGTTT 120 
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TACAACAGCG AGTATGGGGA GCTGTCGGAG CCAAGCGAGG AGGACCACTG CTCCCCGTCT 180 

GCCCGCGTGA CT7TCTTCAC AGACAACAGC TACTAA 216 

(5) INFORMATION FCR SEC. IZ NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH r 427 3 baes pairs 

(B) TYPE: nuzleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: C^IA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

AAGCTTATCG ATTTCGAACC CGGGGGTACC GAATTCC TCG AGTCTAGAGG AGCATGCCTG 6 0 

CAGGTCGACC GGCCTCGATC CCCTCGCGAG TTGGTTCAGC TGCTGCCTGA GGCTGGACGA 120 

CCTCGCGGAG TTCTACCGGC AGTGCAAATC CGTCGGCATC CAGGAAACCA GCAGCGGCTA 180 
7CCGCGCATC CATGCCCCCG AACTGCAGGA GTGGGGAGGC ACGATGGCCG CTTTGGTCCC - 240 

GGATCTTTGT GAAGGAACCT TACTTCTGTG GTGTG AC ATA ATTGG AC AAA CTACCTACAG 300 

AGATTTAAAG CTCTAAGGTA AATATAAAAT TTTTAAG TGT ATAATGTGTT AAACTAZTGA 360 

TTCTAATTGT TTGTGTATTT TAGATTCCAA CCTATGGAAC TGA7GAATGG GAGCAGTGGT 4 20 

GGAATGGCTT TAATGAGGAA AACCTGTTTT GCTCAGAAGA AATGC CATC T AGTGATGATG 4 80 

AGGCTACTGC TGACTCTCAA CATTCTACTC CTCCAAAAAA GAAGAGAAAG GTAGAAGACC 5 40 

CCAAGGACTT TCCTTCAGAA TTGCTAAGTT TTTTGAGTCA TGCTGTGTTT AGTAATAGAA 600 

CTCTTGCTTG CTTTGCTATT TACACCACAA AGGAAAAAGC TGCACTGCTA TACAAGAAAA 660 

TTATGGAAAA ATATTCTGTA ACCTTTATAA GTAGGCATAA CAGTTATAAT CATAACATAC 72 0 

TGTTTTTTCT TACTCCACAC AGGCATAGAG TGTCTGCTAT TAATAACTAT GCTCAAAAAT 7 80 
TGTGTACCTT TAGCTTTTTA ATTTGTAAAG GGGTTAATAA GGAATATTTG ATGTATAGTG — 84 0 
CCTTGACTAG AGATCATAAT CAGCCATACC ACATTTGTAG AGG7TTTACT TGCTTTAAAA 



900 



C20 
C80 



AACCTCCCAC ACCTCCCCCT GAACCTGAAA CATAAAATGA ATGCAATTGT TGTTG7TAAC 960 
TTGTTTATTG CAGCTTATAA TGGTTACAAA TAAAGCAATA GC ATC AC AAA TTTCACAAAT 
AAAGCATTTT TTTCACTGCA TTCTAGTTGT GGTTTGTCCA AACTCATCAA TGTATCTTAT 

CATGTCTGGA TCTGCCGGTC TCCCTATAGT GAGTCGTATT AATTTCGATA AGCC AGGTT A 1140 
ACCTGCATTA ATGAATCGGC CAACGCGCGG GGAGAGGCGG TTTGCGTATT GGGCGCTCTT ' 1200 

CCGCTTCCTC GCTCACTGAC TCGCTGCGCT CGGTCGTTCG GCTGCGGCGA GCGGTATCAG 126 0 

CTCACTCAAA GGCGGTAATA CGGTTATCCA CAGAATCAGG GGATAAC GC A -;GGAAAGAAC A 1320 

T GTG AG C AAA AGGCCAGCAA AAGGCCAGGA ACCGTAAAAA GGACGCGTTG CTGGCGTTTT 1380 

TCCATAGGCT CCGCCCCCCT GACGAGCATC ACAAAAATCG ACGCTCAAGT CAGAGGTGGC 1440 

GAAACCCGAC A GG ACT AT AA AGATACCAGG CGTTTCCCCC TGGAAGCTCC CTCGTGCGCT .1500 

CTCCTGTTCC GACCCTGCCG CTTACCGGAT ACCTGTCCGC CTTTCTCCCT TCGGGAAGCG 156 0 

TGGCGCTTTC TCAATGCTCA CGCTGTAGGT ATCTCAGTTC GGTGTAGGTC GTTCGCTCCA 162 0 

AGCTGGGCTG TGTGCACGAA CCCCCCGTTC AGCCCGACCG CTGCGCCTTA TCCGGTAACT 1680 

ATCGTCTTGA GTCCAACCCG GTAAGACACG ACTTATCGCC ACTGGCAGCA GCCAC7GGTA 17 40 

ACAGGATTAG CAGAGCGAGG TATGTAGGCG' GTGCTACAGA GTTCTTGAAG TGGTGGCCTA 180 0 

ACTACGGCTA CACTAGAAGG ACAGTATTTG GTATCTGCGC TCTGCTGAAG CCAGTTACCT i8 60 
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TCG3AAAAAG AGTTGGTASC TCTTGATCCG GCAAACAAAC CACC3CTGGT AGCGGT3GTT .520 

TTTTTGTTTG CAAGCAGCAG ATT AC GCGCA GAAAAAAAGG ATCTCAAGAA GATCCTTTGA 1S80 

TCTTTTCTAC GGGGTCTGAC GCTCAGTGGA ACGAAAACTC ACGTTAAGGG ATTTTGGTCA 2C40 

T3AGATTATC AAAAAGGATC TTCACCTAGA TCCTTTTAAA TTAAAAATGA AGTTTTAAAT 2 100 

CAATCTAAAG T AT AT ATG AG TAAACTTGGT CTGACAGTTA CCAATGCTTA ATCAGTGAGG 2 160 

CACCTATCTC AGCGATCTST CTATTTCGTT CATCC ATAGT TGCCTGACTC CCCGTCGTGT 2120 

A3ATAACTAC GATACGGGAG GGCTTACCAT CTGGCCCCAG TGCTGCAAT3 ATACCGCGAG 2 2 80 

ACCCAC3CTC ACC3GCTCCA GATTTATCAG CAATAAACCA .GCCA3CCGGA AGGGCC3AGC 2 240. 

GCA3AA3TGG TCCTGCAACT TTATCCGCCT CCATC CAGTC TATTAATTGT TGCCGG3AAG ■ 24 00 

CTAGAGTAAG TAGTTCGCCA GTTAATAGTT TGCGCAACGT TGTTGCCATT GCTACA3GCA 2460 

TCGTGCTGTC ACGCTCGTCG TTTGGTATGG CTTCATTCAG CTCCGGTTCC CAACGATCAA 2520 • 

G3C3AGTTAC ATGATCCCCC AT3TTGTGCA AAAAAGC 3GT TAGCTCCTTC GGTCCTCCGA 2580 

TCGTTGTCAG AAGTAAGTTG, GCCGCAGTGT TAT C ACT CAT GGTTATGGCA GCACTGCATA 2640 

ATTCTCTTAC TGTCATGCCA TCCGTAAGAT GCTTTTCTGT GACT3GTGA3 TACTCAACCA 2 7 00 

A3TCATTCTG AGAATAGT3T AT3CGGCGAC CGAGTTGCTC TTGCCCGGCG TCAATACGGG 2760 

ATAATACCGC GCCACATAGC AGAACTTTAA AAGTGCTCAT CATT3GAAAA CGTTCTTCGG 2620 

G3C3AAAACT CTCAAGGATC TTACCGCTGT TGAGATCCAG TTCGATGTAA CCCACTCGTG 2880 

CACCCAACTG ATCTTCAGCA TCTTTTACTT TCACCAGCGT TTCTGGGTGA GCAAAAACAG ' 2S40 

GAA3GCAAAA TGCCGCAAAA AA3GGAATAA GGGCGACACG GAAATGTTGA AT ACT CAT AC 3C00 

TCTTCCTTTT TCAATATTAT TGAAGCATTT ATC AGGGTTA TTGTCTCAT3 AGCGGATACA 3C60 

TATTTGAATG TATTTAGAAA AATAAACAAA TAGGGGTTCC GCGCACATTT CCCCGAAAAG 3120 

TGCCAC3TGA CGTGTAAGAA ACCATTATTA TC ATG AC ATT AACCT AT AAA AATAGGCGTA 3180 

TCACGA3GCC CTTTCGTCTC GC3CGTTTCG GTGATGACGG TGAAAACCTC TGACACATGC 3 2 40 

A3CTCCCGGA GAC3GTCACA GCTTGTCTGT AAGCGGATGC CGGGAGCAGA CAAGCCCGTC 3300 

AGGGCGCGTC AGCGGGTGTT GGCGG3TGTC GGGGCTG3CT TAACTATGC3 G CATC AG AG C 3360 

A3ATTGTACT GAGAGTGCAC CAT AT GG AC A TATTGTCGTT AGAACGCGGC TACAATTAAT 34 20 

ACATAACCTT ATGTATCATA CACATACGAT TTAGGTGACA CTATAGAACT CGAGCAGAGC 3480 

TTCCAAATTG AGA3AGAGGC TTAATCAGAG ACAGAAACTG TTTGAGTCAA CTCAAG3ATG 35 4 0 

GTTTGA3GGA CTGTTTAACA GATCCCCTTG GTTTACCACC TTGATATCTA CCATTATGGG -3600 

ACCCCTCATT GTACTCCTAA TGATTTTGCT CTTCGGACCC TGCATTCTTA ATCGATTAGT 3660 

CCAATTTGTT AAA3ACAGGA TATCA3TGGT CCAGGCTCTA GTTTTGACTC AACAATATCA 37 2 0 

CCAGCT3AAG CCT AT AGAGT ACGAGCCATA GATAAAATAA AAGATTTTAT TTAGTCTCCA 3780 

GAAAAAGGGG GGAATGAAAG ACCCCACCTG TAGGTTTGGC AAGCTAGCTT AAGTAACGCC 384 0 

ATTTTGCAAG GCATGGAAAA ATACATAACT GAGAATAGAG AAGTTCAGAT CAAGGTCAGG 390 0 

AACAGATGGA ACA3CT GAAT ATGGGCCAAA CAGGATATCT GTGGTAAGCA GTTCCTGCCC 3 96 0 

CGGCTCAGGG C C AAGAAC AG ATGGAACAGC TGAATATGGG CCAAACAGGA TATCTGTGGT 4C20 

AAGC AG TTCC TGCCCCGGCT CAGGGCCAAG AACAGATGGT CCCCAGATGC GGTCCAGCCC 4C80 

TCAGCA3TTT CTAGAGAACC ATC AG ATG TT TCCAGGGTGC CCCAAGGACC TGAAATGACC 4140 

CTGTGCCTTA TTTGAACTAA CCAATCAGTT CGCTTCTCGC TTCT3TTCGC GCGCTTCTGC 4 200 

TCCCCGAGCT CAATAAAA3A GCCCACAACC CCTCACTCGG GGCGCCAGTC CTCCGATTGA 4 260 
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CTGAGTCGCC CGG' 4 * /J 

12 )' INFORMATION FCR SEC ir NO: 4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 4 0 anino acids 

(B) TYPE: arvino acid 

(C) STRANDEDNESS : Not Relevant 

(D) TOPCLOGY: linear 

(ii'> KOLSCCLE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:4: 

Pro Met Thr Pro Thr Thr Tyr Lys Gly Ser Val Asp Asn Gin Thr Asp 
. 5 * 10 15 

ser Gly Met val Leu Ala Ser Glu Glu Phe Glu Gin lie Glu Ser Arg 
20 25 3C 

His Arc Gin Glu' Ser Gly Phe Arg 
35 • 40 

(2) INFORMATION FCR SEC I- NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 anino acids - 

(B) TYPE: anino acid 

(C) STRANDEDNESS: Not Relevant 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ- ID NO":5: 

Xaa Glu Glu Thr lie Lys Phe Ala Ala Ala His Tyr Asn Thr Glu He 
; 5 10 15 

Leu Lys 

(2) INFORMATION FCR SEC I- NO: 6 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH :* 219 base pairs 
{ B ) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) KOLSCULE TYPE : cCNA 

(xi) SEQUENCE DESCRIPTION: SEQ. I D NO : 6 : 

TCACTATAGG GAGACCCAAG CTTGGTACCG ACCTCGGATC CACTAGTAAC GGCCGCCAGT 6 0 

GTGGTGGAAT TCGACGAACT CATGACTGTA CTCTACCCAG AATATTGGAA AATGTACAAG 120 

TGTCAGCTAA GGCAAGGAGG CTGGCAACAT AAC AG AG AAC AGGCCAACCT CAACTCAAGG 180 

AC AG AAGAGA CTATAAAATT CGCTGCAGCA CACTACAAC , 219 

(2 » .INFORMATION FCR SEC 13 NO: 7: 

(i) SEQUENCE CHARACTERISTICS! 

(A) LENGTH: 1997 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) KOLECULE TYPE: cDNA 

(ix) FEATURE: 

(A) NAME/ KEY : CDS 

(B) LOCATION: . 352. .160 £ 



s 
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 7 : s 
CCCGCCCCGC CTCTCCAAAA AGCTACACCG ACGCGGACCC CGGCGGCGTC CTCCCTCGCC 
CTCGCTTCAC CTCGCGGGCT CCGAATGCGG GGAGCTCGGA TGTCCGGTTT CCTGTGAGGC 

TTTTACCTGA CACCCGCCGC CTTTCCCCGG CACTGGCTGG GAGGGCGCCC TGCAAAGTTG 

-v. 

GGAACGCGGA GCCCCGGACC CGCTCCCGCC GCCTCCGGCT CGCCCAGGGG CGGTCGCCGG 

GAGGAGCCCG GGGGAGAGGG ACCAGGAGGG- GCCCGCGGCC TCGCAGGGGC GCCCGCGCCC 

CCACCCCTGC CCCCGCCAGC GGACCGGTCC CCCACCCCCG GTCCTTCCAC C ATG CAC 

Me- Kis 



TTG CTG GGC TTC TIC TCT GTG GCG TGT TCI CTG CTC GCC GCT GCG CTG 
Leu leu Gly Phe Phe Ser Val Ala cys Ser Leu Leu Ala Ala Ala Leu 
.5 13 15 

CTC CCG GGT CCT CGC GAG GCG CCC GCC GCC GCC GCC GCC TTC GAG TCC 
Leu Pro Gly Pro Arg Glu Ala Pro Ala Ala Ala Ala Ala Phe Glu Ser 
2C ?5 30 

GGA C-C GAC CTC TCG GAC GCG GAG CCC GAC GCG GGC GAG GCC ACG GCT 
Gly leu Asp Lei: Ser As: Ala Glu Pro Asp Ala Gly Glu Ala Thr Ala . 
35. - 4b 45 50 

TAT GCA AGC AAA GAT CTG GAG GAG CAG TTA CGG TCT GTG TCC AGT GTA 
Tyr Ala Ser Lys Asp Leu Glu Glu Gin Leu Arg Ser. Val ser ser Val 
55 60 65 

GAT GAA CTC ' ATG ACT GTA CTC TAC CCA GAA TAT TGG AAA ATG TAC AAG 
Asp Giu Leu Met Thr Val Leu Tyr Pro Glu Tyr Trp Lys Met Tyr Lys 
70 75 eo 

TGT CAG CTA AGG AAA GGA GGC TGG CAA CAT AAC AGA GAA CAG GCC AAC 
Cys Gin Leu Arg Lys Gly Gly Trp Gin His Asn Arg Glu Gin Ala Asn 
35 90 95 

CTC AAC TCA AGG ACA GAA GAG ACT ATA AAA TIT GCT GCA GCA -CAT TAT 
Leu Asn Ser Arg Thr Glu Glu Thr lie Lys Phe Ala Ala Ala Kis. Tyr 
IOC 135 • HO 

AAT ACA CAG ATC TTG AAA AGT ATT GAT AAT GAG TGG AGA AAG ACT CAA 
Asn Thr Glu He Leu Lys Ser lie Asp Aan Glu Trp Arg Lys Thr Gin 
115 123 • ,125 130 

TGC ATG CCA CGG GAG GTG TGT ATA GAT GTG GGG AAG GAG TTT GGA GTC 
Cys Met Pro Arg Glu Vol Cys lie Asp Val Gly Lys Glu Phe Gly Val 
135 * HO 145 

GCG ACA AAC ACC TTC TTT AAA CCT CCA TGT GTG TCC GTC TAC AGA TGT 
Ala Thr Asn Thr Phe Phe Lys Pro Pro Cys Val Ser Val Tyr Arg Cys 
153 155 , -€0 

GGG GGT TGC TGC AAT AGT GAG GGG CTG CAG TGC ATG AAC ACC AGC ACG 
Gly Gly Cya Cys Asn Ser Glu Gly Leu Gin Cys Met Asn Thr Ser Thr 
155 ~ 170 . 175 

"AGC TAC CTC AGC AAG ACG TTA TTT GAA ATT ACA GTG CCT CTC TCT CAA 
Ser Tyr Leu Ser Lys Thr Leu Phe Glu He Thr Vol Pro Leu Ser Gin 
18C 135 190 

GGC CCC AAA CCA GTA ACA ATC AGT TTT GCC AAT CAC ACT TCC TGC CGA 
Glv Pro Lys Pro val Thr He Ser Phe Ala Asn His Thr Ser Cys Arg 
19 5 203 205 210 

TGC ATG TCT AAA CTG GAT GTT TAC AGA CAA GTT CAT TCC ATT ATT AGA 
Cva Met Ser lya Leu Asp Val Tyr Arg Gin Vol His Ser He He Arg 
215 220 225 

CGT TCC CTG CCA GCA ACA CTA CCA CAG TGT CAG GCA GCG AAC AAG ACC 
Arg Ser Leu Pro Ala Thr. Leu Pre Gin Cys Gin Ala Ala Asn Lys Thr 
23D 235 240 

TGC CCC ACC AAT TAC ATG TGG AAT AAT CAC ATC TGC AGA TGC CTG GCT 
Cys Pro Thr Asn Tyr Met Trp Asn Asn His He Cys Arg Cys Leu Ala 
245 253 2S5 
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CAG GAA GAT TTT ATG TTT TCC TCG GAT GCT GGA GAT GAC TCA AC A GAT 117 3 

Gin Glu Asp Phe Met Phs Ser See Asp Ala Gly Asp Asp Ser Thr Asp 
26C 255 270 

GGA TTC CAT GAC ATC TGT GGA CCA AAC AAG GAG CTG GAT GAA GAG ACC 12 21 

Gly Phe Hie Asp lie Cys Gly Fr = Asn Lys Glu Leu Asp Glu Glu Thr 
275 283 285 - 2S0 

TGT CAG TGT GTC TGC AGA GCG GGG CTT CGG CCT GCC AGC TGT GGA CCC -1269 
Cys Glr. Cys Val Cys Arg Ala Gly Leu Arg Pro Ala Ser Cys Gly Pro 
295 300 305 

CAC AAA GAA CTA GAC AGA AAC TCA TGC CAG TGT GTC TGT AAA AAC AAA 1317 
His lys Glu Leu Asp Arg Asn Ser Cys Gin Cys Val Cys Lys Asn Lys 
313 " 315 350 

CTC TTC CCC AGC CAA TGT GGG GCC AAC CGA GAA TTT GAT GAA AAC AC A 1365 
Leu Phe Pro Ser Gin Cys Gly Ala Asn Arg Glu Phe Asp Glu Asn Thr 
325 333 335 

TGC CAG TGT GTA TGT AAA AGA ACC TGC CCC AGA AAT CAA CCC CTA AAT 1413 
Cys Gin Cys Val Cys Lys Arg Thr. Cys Pre Arg Asn Gin Pro Leu Asn 
34C * 345 350 

CCT GGA AAA TGT. GCC TGT GAA TGT ACA GAA AGT CCA CAG AAA TGC TTG 14 61 

Pro Gly Lys Cys Ala Cys Glu Cys Thr Glu Ser Pro Gin Lys Cys Leu 
355 363 365 370 

TTA AAA GGA AAG AAG TTC CAC CAC CAA ACA TGC AGC TGT TAC AGA CGG 15 0 9 

Leu Lys Gly Lys Lys Phe His His Gin Thr Cys Ser Cys Tyr Arg Arg 
375 380 385 

CCA TGT ACG AAC CGC CAG AAG GCT TGT GAG CCA GGA TTT TCA TAT AGT 155 7 

Pro Cys Thr Asn Arg Gin Lys Ala Cys Glu Pro Gly Phe.Ser Tyr Ser' 
390 395 4C0. 

GAA GAA GTG TGT CGT TGT GTC CCT TCA TAT TGG AAA AGA. CCA CAA ATG - 16 05 

Glu Glu Val Cys Arg Cys Val Pre Ser Tyr Trp Lys Arg Pro Gin Met 
C35 413 415 ' 

AGC T AAG AT TGT A CTGTTTTCCA GTTCATCGAT TTT CTATTAT GGAAAACTGT 165 8 
Ser 

GTTGCCACAG TAGAACTGTC • TGTGAACAGA GAGACCCTTG TGGGTCCATG CTAACAAAGA 17 18 

CAAAAGTCTG TCTTTCCTGA ACC AT GTG C- A TAACTTTACA GAAATGGACT GGAGCTC ATC . 17 78 

TGCAAAAGGC CTCTTGTAAA GACTGGTTTT CTGCCAATGA CCAAACAGCC AAG AT TT TCC 1G38 

T CTT GTG ATT TCTTTAAAAG AAT GACT AT A TAATTTATTT CCACTAAAAA TATTGTTTCT 16 98 

GCATTCATTT TTATAGCAAC AAC AAT TGG T AAAAC TC ACT GTGATCAATA TTTTTATATC 1958 

ATGCAAAATA TGTTTAAAAT AAAATGAAAA TTG T ATT AT 19 97 

{2 J INFORMATION FCR SEC I- NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 419 amine acids 
'(B) TYPE: anino acid 

(D) TOPCLOGY: linear . 

(ii) KOL2CCLE TYPE: protein 

<xi) 3EOUEKCE DESCRIPTION: SEQ I D NO : 8 : 

Met His Leu Leu Gly Phe Phe Ser Val Ala Cys Ser Leu Leu Ala Ala 
1 5 .10 15 

Ala Leu Leu Pro Gly Pro Arg Glu Ala Pro Ala Ala Ala Ala Ala Phe 

20 .25 30 

Glu Ser Gly Leu Asp Leu Ser Asp Ala -Glu . Pro Asp Ala Gly Glu Ala 
3 5 4 3 4 5 

Thr Ala Tyr Ala Ser Lys Asp Leu' Glu Glu Gin Leu Arg ser Val Ser 
5C 55 60 . ■ 
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Ser Val Asp Glu Leu -Met Thr Val Leu Tyr Pro Glu Tyr Trp Lya Ms- 
65 " 70 75 E0 

"yr *ys Cys Gin Leu Arg Lys Gly Gly Tr~ Gin His Asn, Arg Glu Gin 
3S 90 95 

Ala Asr. Leu Asr. Ser Arg Thr Glu Glu Thr lie Lys Phe Ala Ala Ala 
100 105 119 

His Tyr Asn Thr Glu lie Leu Lys Ser He Asp Asn Glu Trp Arg Lys 
115 123 125 

Thr Glr. Cys Met Pro Arg Glu Vol Cys He Asp Val Gly Lys Glu Phe 
13C 135 -<0 

Gly Val Ala Thr Asn Thr Phe Phe Lys Pre Pro Cys Val Ser Val Tyr 
145 150 155 ■ 160 

Arg Cys Gly Gly Cys Cys Asn Ser Glu Gly Leu Gin Cys Me- Asn Thr 
155 170 175 

Ser Thr Ser Tyr Leu Ser' Lys Thr Leu Phe Glu lie Thr Val Pro Leu 
183 185 150 

Ser Glr. Gly Pro Lys Pr= Val Thr. He Ser Phe Ala Asn His Thr Ser 
195 ' .20 0 .205 

Cys Ar- Cys Met Ser Lys Leu Asp Val Tyr Arg Gin Val His Ser He 
21C 215 220 

He Arc Arg Ser Leu Pr= Ala Thr Leu Pre Gin Cys Gin Ala Ala Asn 
225 ' . 230 235 240 

Lys Thr* Cys Pro Thr -Asn Tyr Met Trp Asn Asn His He Cys Arg Cys 
245 250 255 

Leu Ala Gin Glu Asp Phe Met Phe Ser Ser Asp Ala Gly Asp Asp Ser 
260 265 270 

Thr Asp Gly Phe His As? He Cys Gly Pre Asn Lys Glu Leu Asp Glu 
275 280 285 

Glu Thr Cys Gin Cys Val Cys Arg Ala Gly Leu Arg Pro Ala Ser Cys 
29C 295 300 

Gly Pro His lys Glu Leu Asp Arg Asn Ser Cys Gin- Cys Val Cys Lys 
3C5 310 • 315 320 

Asn lys Leu Phe Pro Ser Gin Cys Gly Ala Asn Arg Glu Phe Asp Glu 
325 330 335 

Asn Thr Cys Glr. Cys Val Cys Lys Arg Thr Cys Pro Arg Asn Gin Pro 
340 ' 345 , - 350 

Leu Asn Pro Gly Lys Cys Ala Cys Glu Cys Thr Glu Ser Pro Gin Lys 
355 360 365 

Cys Leu Leu lys Gly Lys Lys Phe His His Gin Thr Cys Ser Cys Tyr . 
37C 375 380 

Arg Arg Pro Cys Thr Asn Arg Gin Lye Ala Cys Glu Pro Gly Phe Ser 
3e5 390 395 4C0 

Tyr Ser Glu Glu Val Cys Arg Cys Val Pre Ser Tyr Trp Lys Arg Pro 
<D5 410 415 

Gin Met Ser 

(2) IHFORKATION FOR SEC I- NO: 9: 

• (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 17 amino acids 

(B) TYPE: anu.no acid 

(C) STRANDEDN'ESS: Not Relevant 

(D) TOPCLOGY: linear 



<ii) KOLSCL'LE TYPE: peptide 
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(xi) SEQUENCE DESCRIPTION: SEQ I D NO : 9 : 

Glu G-u Thr lie Lys Phe Ala Ala Ala His Tyr Asn Thr Glu He Leu 
5 10 15 

Lye 

(2) INFORMATION FCR SEC I- NO: 10: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1835 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) KOLECCLE TYPE: c~NA 

(ix) FEATURE : 

(A) NAME/ KEY: CDS 

<B) LOCATION: 158. .1411 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 

GCGGCCGCGT CGACGCAAAA GTTGCGAGCC GCCGAGTCCC GGGAGACGCT CGCCCAGGGG 

GGTCCCCGGG AGGAAACCAC GGGACAGGGA CCAGGAGAGG ACCTCAGCCT CACGCCCCAG 

CCTGCGCCAG CCAACGGACC GGCCTCCCTG CTCCCGGTCC ATCCACC ATG CAC TTG 

Met His Leu 0 



CTG TGC TTC TTG TCT CTG GCG TGT TCC CTG CTC GCC OCT GCG CTG ATC 
Leu Cys Phe Leu Ser Leu Ala Cys Ser Leu Leu Ala Ala Ala Leu He 
5 13 15 

CZC AGT CCG CGZ GAG GCG CCC GCC ACC GTC GCC GCC TTC GAG TCG GGA 
Pro Ser Pro Arc Glu Ale Pro Ala Thr Val Ala Ala Phe Glu Ser Gly 
2C 25 - 30 35 

CTG GCC TTC TCS GAA GCG GAG CCC GAC GGG GGC GAG GTC AAG GCT TTT 
Leu Gly Phe Ser Glu Ala Glu Pr= Asp. Gly Gly Glu Val Lys Ala Phe 
40 -45 50 • 

GAA GGC AAA GAC CTG GAG GAG CAG TTG CGG TCT GTG TCC AGC GTA GAT ' 
Glu' Gly Lys Asp Leu Glu Glu Gin Leu Arg Ser Val Ser Ser Val Asp 
'55 60 65 

GAG CTG ATG TCT GTC CTG TAC CCA GAC TAC TGG AAA ATG TAC AAG TGC 
Glu Leu Met Ser Val Leu Tyr Pre Asp Tyr Trp Lys Yet Tyr Lys Cye . 
73 75 BO 

CAG CTG CGG AAA GGC GGC TGG CAG CAG CCC ACC CTC AAT ACC AGG AC A 
Gin Leu Arg Lys Gly Gly Trp Gin Gin Pre Thr Leu Asn Thr Arg Thr 
35 93 95 

GGG GAC AGT GTA AAA TTT GCT GCT GCA CAT TAT AAC AC A GAG ATC CTG 
Gly Asp Ser Val Lys Phe Ala Ala Ala" His Tyr Aon Thr Glu lie Leu 
ICO 105 HO 115 

AAA AGT ATT GAT AAT GAG TGG AGA AAG ACT CAA TGC ATG. CCA CGT GAG 
Lys Ser He Asp Asn Glu Trp Arg Lys Thr Gin Cys Xet Pro Arg Glu 
120 ' 125 130 

GTG TGT ATA GAT GTG GGG AAG GAG TTT GGA GCA GCC ACA AAC ACC TTC 
Val Cys lie Asp Val Gly Lys Glu Phe Gly Ala Ala Thr Asn Thr Phe 
135 140 145 

TTT AAA CCT CCA TGT GTG TCC GTC TAC AGA TGT GGG GGT TGC TGC AAC 
Phe -ys Pro Pro Cys Val Ser Val Tyr Arg Cys Gly Gly Cys Cys Asn 
150 155 160 

AGC GAG GGG CTG CAG TGC ATG AAC ACC AGC ACA GGT TAC CTC AGC AAG 
Ser Glu Gly Leu Gin Cys Met Asn Thr Ser Thr Gly Tyr Leu Ser Lys 
165 170 175 

ACG TTG TTT GAA ATT ACA GTG CCT CTC TCA CAA GGC CCC AAA CCA GTC 
Thr Leu Phe Glu He Thr Val Pr= Leu Ser Gin Gly Pro Lys Pro Val 
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- g0 18 3 190 155 

ACA AT C AGT TTT GCC AAT CAC ACT TCC TGC CGG TGC ATG TCT AAA CTG 600 
-r"r l*e Ser Phe Ala Asn His The Ser Cys Arg Cys Xet Ser Lys Leu 
/ - 230 205 210 

GAT GTT TAC AGA CAA GTT CAT TCA ATT ATT AGA CGT TCT CTG" CCA GCA 64 8 

Asp Val Tyr Arc Gin Val His Ser lie lie Arg Arg Ser Leu Pro Ala 
215 - 220 225 

ACA TTA CCA CAS TGT CAG GCA GCT AAC AAG AGA TGT CCA ACA AAC TAT 69 6 

"rr Leu Pro Glr. Cys Gin Ala Ala Asn Lys Thr Cys Pro Thr Asn Tyr 
230 235 240 

GTG TG3 AAT AAC TAC ATG TGC CGA TGC CTG GCT CAG CAG GAT TTT ATC 9-U 
Val Trp Asn Asr. Tyr Met Cys Arg Cys Leu Ala Gin Gin Asp Phe _le 
245 250 255 

"TT TAT TCA AAT GTT GAA GAT GAC TCA ACC AAT GGA TTC CAT GAT GTC 992 
Phe Tyr Ser Aer. Val GU Asp Asp Ser Thr Asn Gly Phe His Asp Val - 
260 265 270 275 

-ST GGA CCC AAC AAG GAG CTG GAT GAA GAC ACC TGT CAG TGT GTC TGC 1C40 
■Cys Gly Pro Asr. Lys Glu Leu Asp Glu As? Thr Cys C-ln Cys Val Cys 
230 .285 290 

AAG GGG GGG CTT CGG CCA TCT AGT TGT GGA CCC CAC AAA GAA CTA GAT 1C8 8 

Lys Gly Gly Leu Arg Pr= Ser Ser Cys Gly Pro His Lys Glu Leu Asp 
295 300 3C5 

AGA GAC TCA TGT CAG TGT GTC TGT AAA AAC AAA CTT TTC CCT AAT TCA 1136 
Arg Asp Ser Cys Gin Cys Val Cys Lys Asn Lys Leu Phe Pro Asn Ser 
310 315- 320 

-GT GGA GCC AAC AGG GAA TTT GAT GAG AAT ACA TGT CAG TGT GTA TGT 1184 
Cys Gly Ala Asn Arg Glu Phe Asp Glu Asn Thr Cys Gin Cys Val Cys 
325 330 335 

AAA AGA ACG TGT CCA AGA AAT CAG CCC CTG AAT CCT GGG AAA TGT GCC • 12 32 
Lys Arc Thr Cys Pro Arg Asn Gin Pro Leu Asn Pro. Gly Lys Cys Ala 
340 ' 345 350 355 

TGT GAA TGT ACA GAA AAC ACA CAG AAG TGC TTC CTT AAA GGG AAG AAG 128 0 

Cys Glu Cys Thr Glu Asn Thr Gin Lys Cys Phe Leu Lys Gly Lys Lyfi 
350 365 370 

^TC CAC CAT CAA ACA TGC AGT TGT TAC AGA AGA CCG TGT GCG AAT CGA 132 8 

Phe His His Gin Thr Cys Ser Cys Tyr Arg Arg Pro Cys Ala Asn Arg 
375 380 365 

CTG AAG CAT TGT GAT CCA GGA CTG TCC TTT AGT GAA GAA GTA TGC CGC 1376 
Leu lys His Cys Asp Pr= Gly Leu. Ser Phe Ser Glu Glu val Cys Arg 
390 395 100 

' TGT GTC CCA TCG TAT TGG AAA AGG CCA CAT CTG AAC TAAGATCATA 1422 
Cys Val Pro Ser Tyr Trp. Lye Arg Pro His Leu Asn 
405 7 <10 

CCAGTTTTCA GTCAGTCACA GTCATTTACT CTCTTGAAGA CTGTTGGAAC AGCACTTAGC 1482 

ACTGTCTATG C AC AGAAAGA CTCTGTGGGA CCACATG GTA ACAGAGGCCC AAGTCTGTGT 154 2 

TTATTGAACC ATG TGG ATT A CTGCGGGAGA GGACTGGCAC TCATGTGCAA AAAAAACCTC 16 02 

TTCAAAGACT GGTTTTCTGC CAGGGACCAG ACAGCTGAGG TTTTTCTCTT GTG AT TT AAA 1662 

AAAAGAATGA C TAT AT AATT TATTTCCACT AAAAATATTG TTCCTGCATT CATTTTTATA 1722 

GCAATAACAA TTGGTAAAGC TCACTGTGAT CAGTATTTTT ATAACATGCA AAACTATGTT 1782 

TAAAATAAAA TGAAAATTGT ATT AT AAAAA AAAAAAAAAA AAAAAAAAAA GCTT 16 36 



(2) INFORMATION FCR SEC IS NO: 11: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 415 amine acids 

(B) TYPE: amino acid 
{D) TOPCLOGY: linear 
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(ii) KOLECCLE TYPE: protein 

, (xi) SEQUENCE DESCRIPTION: SEQ ID NO : 1.1 : 

Met His Leu leu Cys Phs Leu Sec Leu Ala Cys Ser Leu Leu Ala Ala 
1 5 10 15 

Ala leu He Pro Ser Pr= Arg Glu Ala Pre Ala Thr Val Ala Ala Phe 

20 25 . ^0 

Glu Ser Gly leu Glv Phs Ser Glu Ala Glu Pro Asp Sly Gly Glu Val 
35 « 45 

Lys A* a Phe Glu Gly Lys Asp Leu Glu Glu Gin Leu Arg Ser Val Ser 
5C 55 60 

Ser Val Asp Glu Leu Met Ser Val Leu Tyr Pro Asp 'Tyr Trp Lys Meo 
65 73 75 

Tyr lys Cys Glr. Leu Arg Lys Gly Gly Tr? Gin Gin Pro Thr Leu Asn 
35 90 95 

^hr Ar = Thr G* y Asp Ser Val Lys Phe Ala Ala Ala His Tyr Asn Thr 
100 105 -10 

Glu He Leu lys Ser He Asp Asn Glu Trp Arg Lys Thr Gin Cys Me~ 
115 123 125 

Pro Aro Glu Val Cys He Asp Val Gly Lys Glu Phe Gly Ala Ala Thr 
135 135 -40 

Asn Thr Phe She Lys Pro Pro Cys Val Ser Val Tyr Arg Cys Gly Gly 
145 150 155 - 6 ° 

Cys Cys Asn Ser Glu Gly Leu Gin Cys Met Asn Thr Ser Thr* Gly Tyr 
155 170 175 

Leu Ser Lys Thr Leu Phe Glu He Thr Val Pro Leu Ser Gin Gly Pro 
183 185 190 

Lys Pro Val Thr He Ser Phe Ala Asn His Thr Ser Cys Arg Cys Meo 
195 200 205 

Ser lys Leu' Asp Val Tyr Arg Gin Val His Ser lie He Arg Arg Ser 
2 :c ' 215 - 220 . 

Leu Pro Ala Thr Leu Pre Gin Cys Gin Ala Ala Asn Lys Thr Cys Pro 
225 233 235 240 

-hr Asr Tyr Val Trp Asn Asn Tyr Met Cys Arg Cys Leu Ala Gin Gin 
.245 250 255 

Asp Phe He Phe Tyr Ser Asn Val .Glu Asp Asp Ser Thr Asn Gly Phe 
260 265 270 

His Asp Val Cys Gly Pr= Asn Lys Glu Leu Asp Glu Asp Thr Cys Gin 
275 280 285 

Cys Val Cys lys Gly Gly Leu Arg Pro Ser Ser Cys Sly Pro His Lys 
29C - 295 300 



Glu leu Asp Arg Asp Ser Cys Gin Cys Val Cys Lys Asn Lys Leu Phe 

3C5 310 315 320 

Pro Asr. Ser- Cys Gly Ala Asn Arg Glu Phe Asp Glu Aen Thr Cys Gin 

325 330 335 

Cya Val Cys lys Arg Thr Cys Pro Arg Asn Gin Pro Leu Asn Pro Gly 

340 ' 2A5 350 

Lys Cys Ala Cys Glu Cys Thr Glu Asn Thr Gin Lys Cys Phe Leu Lys 

355 360 ' 365 

Gly Lys Lys Phe His His Gin Thr Cys Ser Cys Tyr Arg Arg Pro Cys 

370 375 380 

Ala Asn Arg Leu Lys His Cys Asp Pro Gly Leu Ser Phe ser Glu Glu 
385 
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Val Cys Acq Cye Val Pr: Ser Tyc Trp Lys Arg Pro KIb Leu Asr. 

C35 410 J15 

(2) IN FORKAT ION FCR SEC 12 NO: 12 : 

(i| SEQUENCE CHARACTERISTICS: 

(A) LENGTH: base pairs 

(B) TYP2: nucleic acid 

(C) STRAHDEDNES3: single 

(D ) TOPCLOGY: linear 

(ii) KOLSCL'LE TYPE: c^TJA 

<ix) FEATURE: 

(A) NAME/KEY: CGS 

(B) LOCATION: £53 .. 1706 

(xi> SEQUENCE DESCRIPTION: SEQ ID NO:12: 

GCCCCCGCCG AGCGCTCCGC GCGCAGCCGC CGGGCCGGGC CGGCCCGCGG AGGGCGCGCT 

GCGAGCGGCC ACTSGGTCCT C-CTTCCCTCC TTCCTCTCCC TCCTCCTCCT CCTCCTTCTC 

TCTGCGCTTT CCACCGCTCC CGAGCGAGCG CACGCTCGGA TGTCCGGTTT CCTGGTGGGT 

TTTTTACCTG GCAAAGTCCG- GATAACTTCG GTGAGAATTT GCAAAGAGGC TGGGAGCTCC 

CCTGCAGGCG TCTGGGAGCT GCTGCCGCCG TCGCATCTTC TCCATCCCGC GGATTTTACT 

GCCTTGGATA TTGCGAGGGG AGGGAGGGGG GTGAGGACAG CAAAAAGAAA GGGGTGGGGG 

GGGGGAGAGA AAAGGAAAAG AAGGAGCCTC GGAATTGTGC CCGCATTCCT GCGCTGCCCC 

GCGGCCCCCC TCCSCTCTGC CATCTCCGCA CA ATG CAC TTG CTG GAG ATG CTC 47 3 

Mec Kis Leu Leu Glu v e t Leu 



60 
120 
180 
240 
300 
360 
420 



I 5 



«C C C~G GGC TGC TGC CTC GCT GCT GGC GCC GTG CTC CTG GGA CCC- CC-G 
Ser leu Gly Cys Cys Leu Ala Ala Gly Ala Val Leu Leu Gly Pro Arg 
ID 15 20 

CAG CCG CCC GTC GCC GCC GCC TAC GAG TCC GGG CAC GGC TAC TAC GAG 
Gin =ro Pro Val Ala Ala Ala Tyr Glu Ser Gly His Gly Tyr Tyr Glu 
25 ' ' 3D 35 

GAG GAS CCC GOT GCC GGG GAA CCC AAG GCT CAT GCA AGC AAA GAC CTG 
Glu Glu Pro Gly Ala Gly Glu Pro Lys Ala His Ala Ser Lys Asp Leu 
4C ,45 50 .55 

GAA GAG CAG TTG CGA TCT GTG TCC ACT GTG GAT GAA CTC ATG ACA GTA 
Glu G"u Gin leu *Arg Ser Val Ser Ser Val Asp Glu Leu Met Thr Val 
6 3 ,65 70 

CTT TAG CCA GAA TAC TGG AAA ATG TTC AAA TGT CAG TTG AGG AAA GGA 
Leu Tyr Pro Glu Tyr Trc Lys Met Phe Lys Cys Gin Leu Arg Lys Gly 
75 EO 85 

GGT TGG CAA CAC AAC AGG GAA CAC TCC AGC TCT GAT ACA AG A TCA GAT 
Gly Trp Gin His Asn Arg Glu His Ser Ser Ser Asp Thr Arg Ser Asp 
93 . 95" 100 

GAT TCA TTG AAA TXT GCC GCA GCA CAT TAT AAT GCA GAG ATC CTG AAA 
Asp Ser L e u lys Phe Ala Ala Ala Kis Tyr Asn Ala Glu lie Leu Lys 
105 HO H5 

AGT A-T GAT ACT GAA TGG AGA AAA ACC CAG GGC ATG CCA CGT GAA GTG 
Ser He Asp Thr Glu Trp Arg Lys Thr Gin Gly Me- Pro Arg Glu Val 
120 * 125 130 135 

«GT G°G GAT TTG GGG AAA GAG TTT GGA GCA ACT ACA AAC AGC TTC TTT 
Cys Val Asp Leu Gly Lys Glu Phe Gly Ala Thr Thr Asn Thr Phe Phe 
140 1<S 150 

AAA CCC CCG TGT GTA TCC ATC TAC AGA TGT GGA GGT TGC TGC AAT AGT 
Lye Pro Pro Cys Val Ser lie Tyr Arg Cys Gly Gly Cys Cys Asn Ser 
y 155 160 165 



521 



665 
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GAA GGA CTC CAG TGT ATC- AAT ATC AGC .AC A AAT TAC ATC AGC AAG ACA 
Glu Gly Leu Glr. Cys Met Asn lie Ser The Asn Tyr He Ser Lys Thr 
170 175 180 

TTG TTT GAG ATT ACA GTG CCT CTC TCT CAT GGC CCC AAA CCT GTA ACA 
Leu Phe Glu lie Thr Val Pro Leu Ser His Gly Pro Lys Pro Val Thr 
185 190 195 

GTC ACT TTT GCC AAT CAC ACG TCC TGC CGA TGC ATG TCT AAG TTG GAT 
Val Ser Phe Ala Asn His Thr Sec Cys Arg Cys Me- Ser Lys Leu Asp 
2C0 205 210 215 

GTT TAC AGA CAA GT7 CAT TCT ATC ATA AGA CGT TCC TTG CCA GCA ACA 
Val Tyr Arg Glr. Val His Ser He He Arg Arg Ser Leu Pro Ala Thr 
2 20 225 2 30 

CAA ACT CAG TGT CAT GTG GCA AAC AAG ACC TGT CCA AAA AAT CAT GTC „ 
Gin Thr Gin Cys His Val Ala Asn Lys Thr Cys Pro Lys Asn His Val 
235 240 245 

TGG AAT AAT CAG ATT TGC AGA TGC TTA GCA CAG CAC GAT TTT GGT TTC 
Trp Asn Asn Glr. He. Cys Arg Cys Leu Ala Gin H1b Asp Phe Gly Phe 
250 - 255 260 

TCT TCT CAC CTT GGA GAT TCT GAC ACA TCT GAA GGA TTC CAT ATT TGT 
Ser Ser His leu Gly Asp Ser Asp Thr Ser Glu Gly Phe His Ile-Cys 
265 270 275 

GGG CCC AAC AAA GAG CTG GAT GAA GAA ACC TGT CAA TGC GTC TGC AAA 
Gly Pro Asn lys Glu Leu Asp Glu Glu Thr Cys Gin Cys Vel Cys Lys 
260 285 290 295 

GGA GGT GTG CGG CCC ATA AGC TGT GGC CCT CAC AAA GAA CTA GAC AGG 
Gly Gly Val Arg Pro lie Ser Cys Gly Pre Kis Lys Glu Leu Asp Arg 
330 305 310 

GCA TCA TGT CA3 TGC ATG TGC AAA AAC AAA CTG CTC CCC AGT "TCC TGT 
Ala Ser Cys Glr. Cys Met Cys Lys Asn Lys Leu Leu Pro Ser Ser Cys 

315 320 325 . . 

G3G CCT AAC AAA GAA TTT GAT GAA GAA AAG TGC CAG TGT GTA TGT AAA 
Gly Pro Asn lys Glu Phe Asp Glu Glu Lys Cys Gin Cys Val Cys Lys 
330 335 340 

AAG ACC TGT CCC AAA CAT CAT CCA CTA AAT CCT GCA AAA TGC ATC TGC 
Lys Thr Cys Pro Lys His His Pre Leu Asn Pro Ala Lys Cys He Cys 
345 350 '355 

GAA TGT ACA GAA TCT CCC AAT AAA TGT TTC TTA AAA GGA AAA AGA TTT 
Glu Cys Thr Glu Ser .Pre Asn Lys Cys Phe Leu Lys Gly Lys Arg Phe 
360 365 370 375 

CAT CAC CAG ACA TGC AGT TGT TAC AGA CCA CCA TGT ACA GTC CGA ACG 
His His Gin Thr Cys Ser Cys Tyr Arg Pre Pro Cys Thr Val Arg Thr 
330 385 ' ■ 390 

AAA CGC TGT GAT GCT GGA TTT CTG TTA GCT GAA GAA CTG TGC CGC TGT 
Lys Arg Cys Asp Ala Gly Phe Leu Leu Ala Glu Glu Val Cys Arg Cys 
395 400 ' 405 

GTA CGC ACA TCT TGG AAA AGA CCA CTT ATG AAT TAAGC GAAGA AAGC ACT ACT 
Val Arg Thr Ser Trp Lys Arg Pro Leu Met Asn 
410 415 ' 

CGCTATATAG TGTCG 



(2) 111 FORMATION FCR SEC ID NO: 13:- 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 418 amine acids 
' (B) TYPE: anino aeid 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE; protein 

(xi) SEQUENCE DESCRIPTION: SEC* ID NO: 13: 

Met His Leu Leu Glu Met Leu Ser Leu Gly Cys Cys Leu Ala Ala Gly 
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Ala Vol Leu leu Gly Pr= Arg Gin Pro Pre Val Ala Ala Ala Tyr Glu 
2D 25 30 

Ser Gly H1b GlyTyr Tyr Glu Glu Glu -Pre Gly Ala Sly Glu Pro Lys 
35 O 4,5 

Ala His Ala Ser Lye Asc Leu Glu Glu Gin Leu Arg Ser Val Ser Ser 
5C • 55 *0 

' Val Asp Glu Leu Met Thr Vol Leu Tyr Pre Glu Tyr Trp Lys Met Phe 

65 73 75- . 

Lys Cys Gin leu Arg Lys Gly Gly Trp Gin His Asn Arg Glu His Ser 
35 9 0 95 

ser Ser Asp Thr Arg Ser Asp As? Ser Leu Lys Phe Ala Ala Ala His 

loo 105 :io 

"yr Acr. Ala Glu 'lie Leu Lys Ser lie As? Thr Glu Trp Arg Lys Thr 
US" 12D 125 

. j 

Gin Gly Met Pro Arg Glu Val Cys Val As? Leu Gly Lys Glu Phe Gly 
l3C 135 --<0 

Ala Thr Thr Asr. Thr Phe Phe Lys Pro Pre Cys Val Ser He' Tyr Arg 
145 153 ' 155 -60 

Cys Gly Gly Cys Cys Asn Ser Glu Gly Leu Gin Cys .Yet Asn lie Ser 
155 1"*0 1 ?5 

Thr Asr. Tyr He Ser Lys Thr Leu Phe Glu He Thr Val Pro Leu Ser 
185 - so 



180 



His G"y Pro lys Pro Val Thr Val Ser Phe Ala Asn Kis Thr Ser Cys 
135 200 205 

Arq Cys Met Ser Lys Leu Asp Val Tyr Arg Gin Val Kis Ser lie He 
21C 215 220 • 

Arq Ar = Ser leu Pro Ala Thr Gin Thr Gin Cys His Val Ala. Asn Lys 
225 * 230 235 240 

"hr Cys Pro lys Asn His .Val Tr? Asn Asn Gin lie Cys Arg Cys Leu 
■ 245 250 255 

Ala Gin His Asp Phe Gly Phe Ser Ser His Leu Gly Asp Ser Asp Thr 

260 265 \ 2/0 

Ser Glu Gly Phe His He Cys Gly Pro Asn Lys Glu Leu Asp Glu Glu 
275 280 285 

Thr Cys Gin Cys Val Cys Lys Gly Gly Val Arg Pro He Ser Cys Gly 
29C ' 295 300 

Pro His Lys Glu Leu Ase Arg Ala Ser Cys Gin Cys Met Cys Lye Asn 
3C5 313 315 320 

Lys leu Leu Pro Ser Ser Cys Gly Pro Asn Lys Glu Phe Asp Glu Glu 

330 335 



325 



Lys Cys Gin Cys Val Cys Lys Lys Thr Cys Pro Lys Kis His Pro Leu 
7 340 345 350 

Asn Pro Ala lys Cys He Cys Glu Cys Thr Glu Ser Pro Asn Lys Cys 
355 360 365 

Phe *ec Lys Gly Lys Arg Phe His Kio Gin Thr CyB Ser Cys Tyr Arg 
37C -375 380 

Pro Fro Cys Thr Val Arg Thr Lys Arg Cys Asp Ala Gly Phe Leu Leu 
385 390 395 <C0 

Ala Glu Glu Val Cys Arg Cys Val Arg Thr Ser Trp Lys Arg Pro Leu 
<05 410 415 



Met Asn 
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(2> TO FORMAT ION FCR SEC 12 NO: 14 : 

<i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 anino acids 

(B) TYPE: anino acid 

(C) STRAHDEDXES3 : Not Relevant 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:14: 

Ala Val Val Met Thr Gin Thr Pre Ala Ser 
5 10 



(2) IN FORK AT ION FCR SEC 12 NO: 15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNES5: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: c2NA 
. (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 
TCTCTTCTGT GCTTGAGTTG AG 



(2 | INFORMATION FCR SEC I- NO: 16: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNES 5 : , single 

(D) TOPCLOGY: linear 

(ii) KOLECULE TYPE: C2NA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 16: 
TCTCTTCTGT CCCTGAGTTG AG 

(2) INFORMATION FCR SEC 12 NO: 17: . 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 55 base pairs 

(B) TYPE: nucleic acid - 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) KOLECULE TYPE: c2NA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 17: 
TGTGCTGCAG CAAATTTTAT AGTCTCTTCT GTGGCGGCGG CGGCGGCGGG CGCCTCGCGA 
GGACC 

(2) INFORMATION FCR SE.C 12 NO: 18: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 30 base cairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) KOLECULE TYPE: c2I3A 

(xi ) . SEQUENCE DESCRIPTION: SEQ ID NO:18: ' 



CTGGCAGGGA ACT GCT AAT A ATGGAATGAA 



/ 
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(2 I INFORMATION FCR SEC 12 NO: 19: 

(i) . SEQUENCE CHARACTERISTICS:, 

(A) LENGTH: 34 base pairs 

* (B) TYPE: nucleic acid 

(C) STRA2IDEDNES5: single 

(D) TOPCLOGY: linear 

{ii> MOLECULE TYPE: c:iIA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 
GGGCTCCGCG TCCGAGAGGT CGAGTCCGGA CTCGTGATGG TGATGGTGAT GGGCGGCGGC 60 

84 

GGCGGC3GGC GCCTCGCGAG GACC 

(2) INFORKATION FCR SEC I~ NO: 20: - 

(i) SEQUENCE CHARACTERISTICS: . . 

(A) . LENGTH: 31 base pairs 

(B) TYPE: . nucleic acid 
(C> STRANDEDNESS: single 
(D) TOPCLOGY: linear . 

(ii) KOLECULE TYPE: cENA - _ 
(Xi) SEQUENCE DESCRIPTION: SEQ ID NO:20: 

GTATTATAAT 3TCCTCCACC AAATTTTATA G 31 

(2) INFORMATION FCR SEC 12 NO: 21: x 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 3 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY : linear 

(ii) KOLECULE TYPE : cEHA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:21: 
GTTCGCTGCC TGACACTGTG GTAGTGTTGC TGGCGGCCGC TAGTGATGGT GATGGTGATG 6 0 

AATAATGGAA TGAACTTGTC TGTAAACATC CAG 



93 



(2) IN FORK AT ION FCR SEC I- NO: 22: 

(i) SEQUENCE' CHARACTERISTICS:' 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

' {C) STRANDEDNESS: single 
(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: cENA . 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:22: 

CATGTACGAA CCGCCAGG - 

(2) IN FORKAT ION FCR SEC II NO: 23: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) KOLECULE TYPE: cDNA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 23: 
AATGACCAGA GAGAGGCGAG 
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(2» 111 FORMAT ION FCR SEC 13 NO: 24: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DMA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 24: 
GCCACGGTAG GTCTGCGT 



(2) INFORMATION FCR SEQ 13 NO: 25: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 18 base pairs 
{ B ) TYPE: nucleic acid 

(C) ETRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE : DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:25: 
TTTCTTTGAC AGGCTTAT K . 



(2) INFORMATION FCR SEQ ID NO: 26: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRA1JDEDNESS: single 

(D) TOPCLOGY: linear- 

(ii) MOLECULE TYPE: DNA (genomic) 
-(xi) SEQUENCE DESCRIPTION: SEQ ID MO:26: 
ATCTTGAAAA GTAAGTATGG G 

(2) INFORMATION FCR SEQ ID NO: 27: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 base pairs 

(B) TYPE: nucleic acid 
"(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(ii) KOLSCULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:27: 
ATGACTTGAC ,AGGTATTGAT 

(2) INFORMATION FCr'sEC. ID NO: 28: 

(i) SEQUENCE CHARACTERISTICS: ' 

(A) LENGTH: 20 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 28: 
A5CAAGACGG TGGGTATTGT 



(2) INFORMATION FCR SEQ ID NO: 29: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH : 22 base pairs 
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< ,'B) TYPE: nucleic acid 

(Z) STRANDEDNESS: single 
1 (D) TOPCLOGY: linear 

. (ii) MOLECULE TYPE: DMA (genomic > " 

(xi) SEQUENCE DESCRIPTION: SEQ ID-NO:29: 

CCCTTCTTTC- TAGTTATTTG AA 22 

(2) INFORMATION FCR SEC 1= NO: 30: . 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 base pairs 

(B) TYPE: nucleic acid 
<C) STRANDEDNESS: single 
(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE : DNA (genomic ) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO t 30: 

CCACAGTGAG TATGAATTAA 20 

(2) INFORMATION FCR SEQ 13 NO: 31: , 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (g=nomi= ) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 31: 
TTCTTCCAAA GGTGTCAG 18 

'(2) INFORMATION FCR SEQ 12 NO: 32: 

<i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 18 base pairs 
• • (B) TYPE: nucleic acid 
<C) STRANDEDNESS: single 
(D> TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(Xi> SEQUENCE DESCRIPTION: SEQ ID NO: 32: 
GGAGATGGTA GCAGAATG ' " 18 

(2) INFORMATION FCR SEQ 12 NO: 33: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 23 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 33: 
CTATTTGTCT AGACTCAACA GAT 23 

(2) INFORMATION FCR SEC I- NO: 34: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 base pairs 

( B ) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPCLOGY : linear 
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(ii) MOLECULE TYPE : DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:3<: 
CAAACATGCA GGTAAGAGAT CC 



{2\ INFORMATION FCR SEQi: NO: 35: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE : . nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 35: 
TGTTCTCCTA GCTGTTACAG A 



(2) I1IFORKAT ION FCR SEC I- NO: 36: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 4 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single ' 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 36: 
GGCGAGGTCA AGGTAGGTGC AAGG 



(2) IN FORK AT ION FCR SEQ IS NO: 3"?: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 2 6 base pairs 
( b ) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY : linear 

(ii) MOLECULE TYPE: DNA (genomic) 
■ (xi) SEQUENCE DESCRIPTION: SEQ IDNO:37: 
ATT3TCTTTG ACAGGCTTTT TGAAGG 

(2) INFORMATION FCR SEQ ID NO: 38: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 38: 
GAGATCCTGA AAAGTAAGTA G 



(2) INFORMATION FCR SEQ ID NO: 39: 

(i) SEQUENCE CHARACTERISTICS : 
(A) LENGTH: 24 base pairs 
' (B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic ) 

(Xi) SEQUENCE DESCRIPTION : SEQ ID NO: 39: 
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7C-TGACTCGA CAG3TA.T7GA IAAT 



(2) III FORMAT ION FCR SEC. IZ NO: 40: 

(ij SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 rase pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPCLOGY: linear 

(ii> MOLECULE TYPE: DMA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ IDNO:40: 
CTCAGCAAGA CGGTAGGTAT 

(2) INFORMATION FCR SEQ 1= NO: 41: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 5 base pairs 

(B) TYPE : nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 41: 
TTGTCCCTTG TAGTTGTTTG AAA TT 



(2) INFORMATION FCR SEQ ID NO: 42: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DMA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 42: 
ACATTACCAC AGTGAGTATG 

(2) INFORMATION FCR SEC ID NO: 43: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 26 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DMA (genomic ) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 43: 
GTCTCCCCAA AAGGTGTCAG GCAGCT 



(2) INFORMATION FCR SEC IO NO:44: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 3 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DMA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 44: 
AATGTTGAAG ATG GTAAGT A AAA 



(2) INFORMATION FCR SEC I- NO: 4 5 : 



) 
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(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 16 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 
{ D ) TOPOLOGY: linear 

<ii) MOLECULE TYPE: DNA (genomic) 

. (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 45: 

TCTAGACTCA ACCAAT 



( 2 | INFORMATION FCR SEC I- NO: 46: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 base pairs 

(B) TYPE : nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi> SEQUENCE DESCRIPTION: SEQ ID NO: 46: 
CAAACATGCA GGTAAGGAGT GT 



(2) IN FORMAT ION FCR SEC I- NO: 47: 

<i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 24 base pairs 

(B) TYPE: nucleic acid 

(C) STRA1JDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) KOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID- NO: 47 : 
TTTTCCCCTA GTTGTTACAG AAGA 

(2) INFORMATION FCR SEC 1- NO: 48: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2991 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 



(xi> SEQUENCE DESCRIPTION: SEQ ID NO:48: 



GTTTTAAGTA 


GAGACGGGGT 


TTCACCAACG 


GTTGAAAATA 


TTTATCATGG 


TCTCCCTAAG 


60 


ATGGACGGTG 


TTAGCTAGGA 


TGGTCTCGAT 


CTCCTGACCT 


CATGATCCAC 


CCGCCTCGGC 


120 


CTCCCAAAGT 


GCTGGGATTA 


CAGGCGTGAG 


CC ACCGTGTC 


CGACCAACCT 


TAAGACAAAC 


180 


AACTACTGCA 


TGATTG TTTT 


TGGAGACCTT 


TTTTTTATTC 


AAATAAATTT 


TTGCCA3CAT 


240 


TTTCTGACTC 


AAA3TATAGC 


AGCAGGAAGA 


T AAC ACT TTT 


GTGAGAAAAA AGTTTGAATA 


300 


CAGCTTACTG 


CTGTATTTAA 


ATGAAACAGT 


AGTTAATATG 


AT ATT AAT AT 


ATTTTGGATA 


360 


TATTTTGACT 


TTGTTGATTT 


TCCAGTCTTC 


ACCCGCTGCT 


AGGCCTGTGG 


GTGTTGGAAA 


420 


TGCCTGTGTT 


T CTC AATTTT 


GTTTGCCTAT 


TAGAATCOTG 


ATGTCCAAGC 


CTTACTCCAG 


480 


TTAGACCAGT 


TAAGCCAGAA 


AGGCAGAAGG 


TGTACTCAAG 


CATCTGTTTT 


TTCAAAATCT 


540 


CCTTTTGTGA 


TGCCAAGTGC 


AATCAAAGTT 


TAGAATCATT 


GTAATAGCAA 


ATGGTTGAAT 


600 


GGAAACTCCA 


CCTTCTATTC 


AAATCCTACC 


CCAGTCTGCC 


CTTAGCTGTT 


CTCTTTTCAC 


660 


A3ATCTATCA 


ATGTCTGAAG 


ATAACTATGG 


CAGGCTGATC 


AAATATGCAT 


AGAGCA3GAA 


720 
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GACAGCAAGA 3AGTGATACA CTGACCATG7 TCCAAATCAC AAAAGATC7C AAC AGGCTAG 780 

ATCATG3ACC 3AGTCTGATG GGATGGAATT TCATAAAGAT ACATAAAAAA GCATC7TGGA E40 

TACAGTAAAC TTAACTCCAC AAATACAGGG GAATTTA3AC GTGACTAAGT AGCAG7ACAT 500 

ATGAAAAATT ATTGACGAAT TTTG7TGACT TTAAGGGTAG TGTGAGT 2 AA CACTGTGATT 560 

T3GCTGCCAG AAAATAAACT CAATCCAAGG CTGTATCAAC AAAGGCATAC TGTCCATTCT 1C20 

GCATGCTCAT TACAGCACTA AGTACCGAGC CATGTTCTCA ACCGCATACT TCATGAACAT 1CB0 

GGAAAGdT AA CAGTATGGTT AAGGGGGGAA ACTGGAACTG TCATCTTGGG GAATAAAAGG 1140 

GATATTTAGC CAGGACTAAA GTTAGCTTAG GGAGACCATG AT AAAT ATT T TCAAAATATT 12 00 

TGAAGGACTC AGTTGTGGAA GTGAGATT AG ATTTATTGTG TAAAACTCCA GGAGTCAAAA 1260 

GCAATAGAGA GATAGAAGGA AATGCTTTTC AGCAGTGTTc' CTCATCAATA AAGGGAGTGA -J 20 

ACAGCCACAC AGAATGGAAG GTTCCCTGTC CTTTGAGATA TTTAAGCCTT CAAGTAAATT 1380 

ATGGGT3AGC- AGTTTCAAAT CTAGAGTTC-A ACCAGATAAG AAAGTCTCTT CTTCCGGTAA 14 40 

GATATTATGG ACCTATAACA TCTGTGTACT TAAAAGTAGA TTGGGAGTGA AAGGC AG AC T .500 

TTTGATGTTC TGTACACTGT TGAAACCCCT TAGCGTGGTC CTCTGTAACC TGCTCACCCT 15 60 

GCCCCAAGGA GGCAGCTAGC CAATGCCACC* AGO CC AACGG AAACCCCAGT GCTTTTCCAA 16 20 

TGGGGAAATG CAGTCACTTT TCTTTGGATG CTACACATCC TTTCTGGAAT ATGTCTC AC A ;6 80 

CACATCTCTC TTTATCACCC CCTTTTTCAA GTAAACCAAC TTCTTGCAGA AGCTGACAAT 17 40 

GTGTCTCTTT ACTCTCCACG AAGATTCTGG CCCTTCTCTT CACCTGTCA3 AAGTT TAGG A 16 00 

TTCCAAAGGG ATCATT AGCA TCCATCCCAA CAGCCTGCAC TGCATCCTGA GAACTGCGGT I8 60 

TCTTGGATCA TCAGGCAACT TTCAACTACA C AG AC CAAGG GAGAGAGGGG ACCCCTCCGA 1920 

G3TCCC AT AG 3GTTCTCTGA CATAGTGATG ACCTTTTTCC AAACTTTGAG CAGGGCGCTG 19 80 

" GGGGCCAGGC GTGCGGGAGG GAGGACAAGA ACTCGGGAGT GGCC3AGGAT AAAGCGGGGG 2C4 0 

CTCCCT3CAC CCCACGGTGC CCAGTTTCTC CCCGCTGCAC GTGGTCCAGG GTGGTCGCAT 2100 

CACCTCTAAA GCCGGTCCCG CCAACCGCCA GCCCCGGGAC TGAACTTGCC CCTCCGGCCG -2160 

CCCGCTCCCC 3CAGGGGACA GGGGCGGGGA GGGAGAGATC CAGAGGGGG3 CTGGGGG AGG 2 2 20 

TGG3GCCGCC 3GG3AGGA3G CGAGGGAAAC GGGGAGCTCC AGGGAGACGG CTTCCGAGGG 2 2 80 

AGA3TGAGAG G GG AGG GC AG CCCGGGCTCG GCACGCTCCC TCCCTCGGCC GCTTTCTCTC 234 0 . 

ACATAA3CGC AGGCAGAGGG CGCGTCAGTC ATGCCCTGCC CCTGCGCCCG CCGCCGCCGC 2 400 

CGCCGCCGCT CAGCCCGGCG CGCTCTGGAG GATCCTGCGC CGCGGCGCTC CCGGGCCCCG ■ 24 60 

CCGCCGCCAG CCGCCCCG3C GGCCCTCCTC CCGCCCCCGG CACCGCCGCC AGCGCCCCCG , 2 520 

CCGCAGCGCC CGCGGCCC3G CTCCTCTCAC TTCGGGGAAG GGGAGGGAG3 AGGGGGACGA 2 580 

GGGCTCTGGC GGGTTTGGAG GGGCTGAACA TCGCGGGGTG TTCTGGTGTC CCCCGCCCCG 2 64 0 

CCTCTCCAAA AAGGTACACC GACGCGGACC GCGGCGGCGT CCTCCCTCGC CCTCGCTTCA 2 700 

CCTCGCGGGC TCCGAATGCG GGGAGCTCGG ATGTCCGGTT TCCTGTGAGG CTTTTACCTG 2760 

ACACCCGCCG CCTTTCCCCG GCACTGGCTG GGAGGGCGCC CTGCAAAGTT GGGAAC3CGG 2 620 

AGCCCCGGAC CCGCTCCCGC CGCC7CCGGC TCGCCCAGGG GGGGTCGCCG GGAGGAGCCC 2880 

GGGGGAGAGG GACCAGGA3G GGCCCGCGGC CTCGCAG3GG CGCCCGCGCC CCCACCCCTG 29 40 

CCCCCGCCAG C GG ACCGGTC CCCCACCCCC GGTCCTTCCA CCATGCACTT G 299 1 

(2) IN FORMAT ION FCR SEC IS NO: 49: 



I'll 
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(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 20 base pairs 

(B) TYPE: nucleic acid v 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: CEWA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 49: 
CACGGCTTAT GCAAGCAAAG 



(2) INFORMATION FCR SEC I- NO: 50: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 20 base pairs 
{B) TYPE: nucleic -acid 
{C) STRANDEDNESS: single 
- (D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: cDNA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 50: 
AACACAGTTT TCCATAATAG 



(2) INFORMATION FCR SEQ I- NO: 51: 

(i) SEQUENCE CHARACTERISTICS: . 

(A) LENGTH: - 19 anino acids 

(B) TYPE: anino acid 

'(C) STRANDEDSES5: Not Relevant 
(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: peptide J 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO:51: 

Leu Ser Lys Thr Val Ser Gly Ser Glu Gin Asp Leu Pro His Glu Leu 

: 5 10 - 15 

His Val Glu 



(2) INFORMATION FCR SEQ IE NO: 52: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 25 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: cEUA 

(xi) SEQUENCE DESCRIPTION : SEQ ID NO: 52: 
GACGGACACA GATGGAGGTT TAAAG 

(2) INFORMATION FCR SEQ IE NO: 53: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 196 amine acids 

(B) TYPE: anino acid 

(C) STRANDEDNESS: Not Relevant 
^D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 53: 

Met Arg Thr Leu Ala Cys Leu Leu Leu Leu Gly Cys Gly Tyr Leu Ala 
, . 5 10 15 

His Val Leu Ala Glu Glu Ala Glu lie Pro Arg Glu Val lie Glu Arg 
20 25 3C 
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Leu Ale Arg Ser Gin Tie His Ser lie Arg Asp Leu Gin Arg Leu Leu 

35 .40 . AS 

Clu He Asp Ser Val Gly Ser Glu Asp Ser Leu Asp Thr Ser Leu Arg 
50 55 60 

Ala His Glv Val His Ala Thr Lys His Val Pro Glu Lys Arg Pro Leu 
SS 70 75 BC 

Profile Arg Arc: Lys -Arg Ser He Glu Glu Ala Val Pro Ala Val Cys 
8 5 90 35 

Lys Thr Arg Thr Vol He Tyr Glu He Pre Arg Ser 3ln Val Asp Pro 

loo 105 no 

Thr Ser Ala Asr. Phe Leu He Trp Pro Pre Cys Val Glu Val Lys Arg 
115 120 125 

Cyo Thr Gly Cye Cys Asn Thr Ser Ser Val Lys Cys Gin Pro Ser Arg 
-13C 135 :<o 

Val His His Arg Ser Val Lys Val Ala Lys Val Glu Tyr Val Arg Lys 
145 150 155 160 

Lys 5ra Lys leu Lys Glu Val Gin Val Arg Leu Glu Glu His Leu Glu 
155, * 170 . 175 

Cys Ala Cys Ale Thr Thr Ser Leu Asn Pre Asp Tyr Arg Glu Glu Asp 



Thr Asp Val Arc 
195 



(2) III FORK AT ION FCR SEC I- NO: 54: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 241 amine ecids 

(B) -TYPE: arvino aeld 

(C) STRANDEDNESS: Not Relevant 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:5<: 

Met Asr. Arg Cys Trp Ala Leu Phe Leu Ser Leu Cys Cys Tyr Leu Arg 
1 5 10 15 

Leu Val Ser Ala Glu Gly Asp Pre He Pre Glu Glu Leu Tyr Glu Me- 
20 25 3C 

Leu Ser Asp His Ser He Arg Ser Phe Asp Asp Leu Gin Arg Leu Leu 
• 35 40 45 

His Gly Asp Pro Gly Glu Glu Asp Gly Ala Glu Leu Asp Leu Asn Met: 
50 55 60 

Thr Arc Ser His Ser Gly Gly Glu Leu Glu Ser Leu Ala Arg Gly Arg 
65 70 75 8C 

Arg Ser Leu Gly Ser Leu Thr He Ala Glu Pro Ala Yet "le Ala Glu 
85 90 95 • 

Cys Lys Thr Ar = Thr Glu Val Phe Glu He Ser Arg Arg Leu He Asp 
. 100 - 105 HO 

Arg Thr Aan Ala Asn Phe Leu Val Trp Pre Pro Cys Val Glu Val Gin 
US 120 125 

Arg Cys Ser Gly Cys Cys Asn Asn Arg Asn Val Gin Cys Arg Pro Thr 

13C 135 . KO 

Gin Val Gin Leu Arg Pre Val Gin Val Arg Lys He Glu He Val Arg 
145 ■ 150 155 160 

Lvs Lys Pro He Phe Lys Lys Ala Thr Val Thr Leu Glu Asp His Leu 
155 170 175 
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Ala Cys Lys Cys Glu The Val Ala Ala Ala Arg Pro Val Thr Arg Ser 
183 185 150 

Pro Gly Gly Set Gin Glu Sin Arg Ala Lys Thr Pro Gin Thr Arg Val 
195 200 205 

"hr lie Arg Thr Val Arg Val Arg Arg Pre Pro Lys Sly Lys His Arg 
* 21C 215 220- 

Lys Phe Lys His Thr His Asp Lys Thr Ala Leu Lys Glu Thr Leu Gly 
225 230 235 Zq 

Ala 

(2) INFORMATION FCR SEC I- NO: 55: 

(i) SEQUENCE^ CHARACTERISTICS: 

(A) LENGTH : 149 amino acids 

( B ) TYPE: anino acid 

(C ) STRANDEDNESS: Not Relevant 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO :55s 

net Pro Val Met Arg Leu Phe Pre cys Phe Leu Gin Leu Leu Ala Gly 
5 - 10 

Leu Ala Leu Fro Ala Val Pro Pro Gin Gin Trp Ala Leu Ser Ala Gly 
20 25 

Asn Gly Ser Ser Glu Val Glu Val Val Pre Phe Gin Glu Val Trp Gly 
35 40 45 

Arg Ser Tyr Cys Arg Ala Leu Glu Arg Leu Val Asp Val Val Ser Glu 

50 55. 60 

-yr Pro Ser Glu Val Glu His Met Phe Ser Pro Ser Cys val Ser Leu 

65 , 70 75 . 

Leu. Arg Cys Thr Gly Cys Cys Gly Asp Glu Asn Leu His Cys Val Pro 
85 > 90 35 

Val Glu Thr Ala Asn Val Thr Met Gin Leu Leu Lys lie Arg Ser Gly 

103 1° 5 - 10 

Asp Arg Pro Ser Tyr Val Glu Leu Thr Phe Ser Gin His Val Arg Cys 

Glu Cys Arg Pro Leu Arg Glu Lys Met Lys Pro Glu Arg Cys Gly Asp 
13C 135 i<0_ 

Ala val Pro Arg Arg 
145 



(2J INFORMATION FCR SEC I- NO: 56: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 191 amino acids 

(B) TYPE: anino acid 

(C) STRANDEDNESS: Not Relevant 

(D) TOPCLOGY : linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:56: 

Met Asn Phe leu Leu Ser Trp Val His, Trp Ser Leu Ala Leu Leu Leu 
5 10 15 



Tyr Lec His His Ala Lys Trp Ser Gin Ala Ala Pro Met Ala Glu Gly 
20 - 25 

Gly Gly Gin Asn His His Glu val Val Lys Phe Met Asp Val Tyr Gin 

40 45 
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-continued 



Arg Ser Tyr Cys His Pr: I Le GIj Thr Leu Val Asp He Phe C-ln Glu 
50 - 55 60 

Tyr Pro Asp Glu lie Glu Tyr lis Phe Lys Pro Ser Cys Val Pro Leu 
65 * 70 75 8C 

Met Arc Cys Gly Gly Cys Cys Asn Asp Glu Gly Leu Glu Cys Val Pro 
■85 " 90 .35 

Thr Glu Glu Ser Asn He Thr Met Gin He Met Arg He Lys Pro His 
100 105 -10 

Gin Gly Gin His He Gly Glu Met Ser Phe Leu Gin Kis Asn Lys Cys 
115 123 125 

Glu Cys Arg Pro Lys Lys Asp Arg Ala ,Arg Gin Glu Asn Pro Cys Gly 
13C 135 :<o 

Pro Cys Ser Glu Arg Arg Lys His Leu Phe Val Gin Asp Pro Gin Thr 
.45 150 155 160 

Cys lys Cys Ser Cys Lys Asn Thr Asp Ser Arg Cys Lys Ala Arg Gin 
155 170 175 

Leu Glu Leu Asr. Glu Arg Thr Cys Arg Cys Asp Lys Pro Arg Arg 
183 185 ISO 



.(2 1 INFORMATION FCR SEC 1= NO:57: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 188 a.nin= acids 

(B) TYPE : amino acid 

(C) STRAH DEDN ESS: Not Relevant 

(D) TOPCLDGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID ^0:57: 

Met Ser Pro Leu Leu Arg Arg Leu Leu Leu Ala Ala Leu Leu Gin Leu 

1 5 10 . 15 

Ala Pro Ala Gin Ala Pre Val Ser Gin Pre Asp Ala Pro Gly His Gin 
- 20 25 3C 

Arg Lys Val Val Ser Trr He As? Val Tyr Thr "Arg Ala Thr Cys Gin 
35 40 . 45 . 

Pro Arc Glu Val Vol Val Pro Leu Thr Val Glu Leu Met Gly Thr V-l 
5(T 55 60 

Ala "ys Gin Leu Val Pre Ser Cys Val Thr Val Gin Arg Cys Gly Gly 
65 70 ' 75 80 

Cys Cys Pro Asp Asp Gly Leu Glu Cys Val Pro Thr Gly Gin His Gin 
85 90 ^ 95 

Val Arg Met Gin He Leu Met He Arg Tyr Pro Ser Ser Gin Leu Gly 
100 105 HO 

Glu Met Ser Leu Glu G1j His Ser Gin Cys Glu Cys Arg Pro Lys Lys 
115 120 - 125 

Lys Asp ser Ala Val Lys Pro Asr Ser Pre Arg Pro Leu Cys Pro Arg 
13C 135 140 

Cys Thr Gin His His Gin Arg Pre Asp Pre Arg Thr Cys Arg' Cys Arg 
145 150 155 160 

Cys Arc Arg Arg Ser Phe Leu Arg Cys Gin Gly Arg Gly Leu Glu Leu 
165 170 175 

Asn Pro Asp Thr Cys Arg Cys Arg Lys Leu Arg Arg 
180 185 



6,130,071 



119 



120 



isolated VEGF-CC PO'ypep^. 
binds to Uuman Flt4 receptor tyrosme k.nase ( v EGFR-3 
and fails to bind to human KDR receptor tyrosme (VEC™. 
£ «M f polypeptide having an amino ac.d sequence com- 
2) said potypepu & effective to permit 

h" $ l'np to'vEGFR°3 wherein the cysteine residue a, posi- 
Uon TsVof^EO ID NO: 8 has been'de.eted or replaced by 

al1 f A polypeptide according to claim 1 wherein said 
portion of SEQ ID NO: 8 is selected from the group 

"St^nuous portion having as *ffi<pSiS« 
Hue an amino acid between residues 102 and 114 ot 
SEO ID NO 8 and having as its carboxy termma 
an amino acid between residues 212 and 228 ot 
SEQ m NoTwncrcin the cysteine residue a. pos.t,on 
156 of SEO ID NO: 8 has been deleted or replaced by 
another amino acid; . . , 

(b) continuous portions that comprise au am.no-terni.ual ^ 
truncation of (a); and „ rm inal 

continuous portions that comprise a carboxy-term.nal 
truncation of (a) or b). , „,i ier eiu said 

3 A polypeptide according to claim 2, 

SS» ^S-'SSi ,« of SEQ ,n « 

comprising a continuous portion of SEO IV rsu. o, 

as its carboxy terminal residue an amino acid between 
as its car ??;y 9M fSEQinKO : 8, wherein the cysteine 3 

id *° : 8 has been dele,ed 

°Ta VEGF-C AC 156 polypeptide according ; tc -claim 1 
wherein the cysteine residue at position 156 of SEQ ID NO. 
R lias been replaced bv a serine residue. 

7 A composition comprising a polypeptide according to 
c.aL . .n a P pharmaceu,ica.ly-acccp.ab,e diluent, adjuvant, 

£ TAp D u;ifiU a a r ndisolated polypeptide wherein a, 

least one monomer thereof is a polypeptide according o 
claL 1 and wherein said muhimer is capable ot bindmg lo 
VEGFR-3. 

1 i.Apoiypcp wherein the cysteine 

r ^e MposL°n SEQ ID NO: 8 has been deleted 

(VEGFR-3) in tissue suspected of containuig ^JCTR-B, 
comprising the steps of contacting tissue suspected of con 
Sg VEGFR-3 with a polypepude of claim 1 paging 
VEGFR-3 in the tissue by detecting the polypeptide bound 

t0 p ITpurified and isolated nueleie acid comprising a 
nu deoUde's Jience encoding a VEGF-C *C,„ polypep^ 
hinds to human Ht4 receptor tyrosine kinase (VbGFK- 
^ an fhto to bind to human KDR receptor tyrosine 
VEGFR t said polypeptide having an armno act 
Uuence comprising a "££3*. a. 

SEQHJNOs 8taTfaeen deleted or replaced 
by another amino acid. 



13. A vector comprising a nucleic acid according lo claim 

13 14 A host cell transformed or transfected with a nucleic 

%VTiSod of ttfa. a polypeptide that binds to 
VEGFR-3, said method comprising the steps or. 

(a) expressing a nucleic acid according to claim 12 in a 

pSro VEGF-C has been deleted or replaced b> 
another amino acid, ' " 
wh erein the vertebrate ^^"J 

forrpami^e, SxSSC, 20 «M Na*PO„, P H 6.8; and 
washine in 0.2xSSC at 55 C, 

L:=se P aorrhTsEQ C .D NO 8 8 that Ureter- 

« consc^d in numa'n vascular endothelial growth 
facto "(VEGF), human platelet derived growth factors 
* 5 B ,pnr,F A. PDGF-B), human placenta growth 
factor "(fflS^Sta-i vascular endothelial 
growth factor B (VEGF-B), and 
wherein the conserved cysteine ^ ««» *to£o, 
replaced corresponds to position 136 of SEQ IU IN u. o. 
17 A purified polypeptide according to claim 16 wheretn 

"Vf 3£ffE— * - claim 16 wherein the 

'TfTiiiS according to claim 16 that binds 
VFCPR-^ and has reduced VEGFR-2 binding affinity rela- 
«K VEGF-C having an amino actc .sequence 
consisting of amino acids 103-227 < o SEQ ^ NO 8 

20 A composition comprising a polypeptide according u 
claim ^Ta pharmaceutically-acceptable d.luent, adjuvant, 

"zi' Tpo^pepttde according to claim 16, wherein said 
polypeptide Uprises an amino acid - sequence selected 
from the group consisting of: ' . 

W theLino acid sequence of SMf ^^ 
the cysteine residue at position 152 or SEQ ID NO. n 
has been deleted or replaced by another ammo add, 
(b) amino-terminal trunations of (a); and 
(A carboxvl-terminal truncations of (a) or (b). ; 
22 A polypeptide according to claim 16, wherein said 
polypeptide Emprises an amino acid sequence selected 
from the group consisting of: 

(a) the amino acid sequence of SEC 1 IE > NO:! where, 
the cysteine residue at position 15a of SEQ ID NU. w 
has been deleted or replaced by another amino adds, 
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(h) amino-icrminal iruncations of (a); and 
(c) carboxyl -terminal truncations of (a) or (b). 

23. A purified and isolated nucleic acid comprising a 
□uctcolide sequeuce encoding a polypeptide that binds to the 
cxiraceliular domain of human Flt4 receptor trosine kiase 5 
(VEGFR-3), . 

said polypeptide comprising a fragment of a vertebrate 
prepro -VEGF-C amino acid sequence that binds lo 
human VEGFR-3, with the proviso that, in said 
polypeptide, a conserved cysteine of the vertebrate 
prcpro- VEGF-C has been deleted or replaced by 
another amino acid, 

wherein the vertebrate prepro- VEGF-C amino acid 
sequeuce comprises an amino acid sequence that is l5 

* encoded. by a DNA of vertebrate origin which hybrid- 
izes to a non-coding strand complementary to nucle- 
otides at 352 to 1611 of SEQ ID NO: 7 under the 
following hybridization condition: hybridizatin at 42° 
C. in a hybridization solution comprising 509c ,„ 
formamide,5xSSC 20 mM Na.PO, pH 6,8; and wash- 
ing in 0.2xSSC at 55° C, 

wherein nucleotides 352 to 1611 SEQ ID NO: 7 encoded - 
a human prepro-VEGF-C having the amino acid 
sequence set forth in SEQ ID NO: 8 that is character- 2 s 
ized bv eight cvsteine residues at position 131, 156, 
' 162, 165, 166, 173, 209, and 211 of SEQ ID NO: S that 
are conserved in human vascular endothelial growth 
factor (VEGF), human platelet derived growth factors 
A, and R (PDGF-A, PDGF-R), human placenta growth 3C 
factor (P1GE-1), and human vascular endothelial 
growth factor B (VEGR-B), and 

wherein the conserved cysteine that has been deleted or 
replaced corresponds to position 156 of SEQ ID NO: 8. 

24. A vector comprising a nucleic acid according to claim 35 
23. 

25. A host cell transformed or transfected with a nucleic 
acid according to claim 23. 

26. A method of making .a polypeptide thai binds lo 
VEGFR-3, said method comprising the steps of: 42 

(a) expressing a nucleic acid according to claim 23 in a 
■ host cell; and 

(b) purifying a polypeptide that binds to VEGFR-3 from 
said host cell or from a growth medium of said host ^ 
cell. 

27. A polypeptide that binds to human Flt4 receptor 
tyrosine kinase (VEGFR-3), said polypeptide comprising an 
amino acid sequence selected from the group consisting of: . 
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(a) the amino acid sequence of SEQ ID NO: S T wherein 
the cysteine residue at position 156 of SEQ ID NO: 8 
has been deleted replaced by another amino acid; 

(b) the amino acid sequence of SEQ ID NO: 11, wherein 
the cysteine residue at position 152 of SEQ ID NO: 1 1 . 
has been deleted or replaced by another amino acid; 

(c) the amino acid sequence of SEQ ID NO: 13, wherein 
the cysteine residue at position 155 of SEQ ID NO: 13 
has been deleted or replaced by. another amino acid; 

(d) amino-lerminal tnincations of (a), (b), or (c); and r 

(e) carboxyl-terminal truncations of (a), (b), (c), or (d). 

28. A polynucleotide comprising a nucleotide sequence 
thai encodes a polypeptide that binds to human FU4 receptor 
tvrosine kinase (VEGFR-3), said polypeptide comprising an 
amino acid sequence selected from the group consisting of: 

(a) the amino acid sequence of SEQ ID NO: S, wherein 
the cvsteine residue at position 156 of SEQ ID NO: 8 
has been deleted or replaced by another amino acid; 

(b) the amino acid sequence of SEQ ID NO: 11, wherein 
the cysteine residue at position 152 of SEQ ID NO: 11 
has been deleted or replaced by another amino acid; 

(c) the amino acid sequence of SEQ ID NO: 13, wherein 
the cysteine residue at position 155 of SEQ ID NO: 13 
has been deleted or replaced by another amino acid; 

(d) amino-terminal truncations of (a), (b), or (c); and 

(e) carboxyl-terminal truncations of (a), (b), (c), or (d). 

29. A polynucleotide according to claim 28, wherein the 
nucleotide sequence that encodes the peptide comprises a 
sequence selected from the group consisting of: 

(a) the nucleotide sequence set. forth in SEQ ID NO: 7 
from nucleotide 352 to 1611, wherein the cysteine 
codon at positions 817-819 has been deleted or 
replaced by a codon for an amino acid other than 
cysteine; 

(b) the nucleotide sequence set forth in SEQ ID NO: 10 
from nucleotide 168 to 1412, wherein the cysteine 
codon at positions 621-623 has been deleted or 
replaced by a codon for an amino acid other than 
cysteine; 

(c) the nucleotide sequence set forth in SEQ ID NO: 12 
from nucleotide 453 to 1706, wherein the cysteine 
codon at positions 915-917 has been deleted or 
replaced by a, codon for an amino aid other than 
cysteine; 

(d) S'-deletion fragments of (a), (b), or (c); and 

(e) .T-deletion fragments of (a), (b), (c), or (d). 

■ * * * * . * 
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Human gene therapy 



Barky R. Goldspiel, Laurence Green, and Karim Anton Calis 



Abstract: Current concepts in gene 
transfer and its application to the 
treatment of human genetic disor- 
ders, cancer, and other diseases are 
discussed. 

Gene therapy is a technique in 
which a functioning gene is inserted 
into a human cell to correct a genetic 
eTror or to introduce a new function 
to the cell. Many methods, including 
retroviral vectors, have been devel- 
oped for ex vivo and in vivo gene 
insertion into cells. Some pharma- 
cists have likened gene therapy to a 
- sophisticated form of drug delivery 
and have envisioned an active role 
for the pharmacy profession. There 
are several safety and ethical issues 
related to manipulating the human 
. genome that need to be understood. 
Current gene therapy efforts focus 
on gene insertion into somatic inon- 



serminal) cells only. 

Gene therapy has the potential to 
revolutionize the treatment of ge- 
netic disorders,, diseases associated 
with a genetic component (e.g., cys- 
tic fibrosis), cancer, AIDS, and many 
other diseases. Gene transfer may 
also be used to better understand 
the biology of disease processes, 
such as the'source of relapse in bone 
marrow transplant patients. The hu- 
man" genome project will undoubt- 
ediy lead to the identification, 
characterization, and understand- 
ing of genes that are responsible for 
manv human diseases, and gene 
therapy trials are sure to expand ac- 
cordingly. , 

To date, over 40 clinical trials 
k have been approved and more than 
110 patients have been entered in 
gene therapy studies. There are still t 



many technical obstacles to over- 
come before gene therapy can have 
widespread application. Injectable 
vectors need to be developed to sim- 
plify foreign gene administration. 
Perhaps the biggest problem to 
overcome will be engineering the 
target celts to be able to regulate 
gene expression according to physi- 
ologic needs. 

Pharmacists should become 
knowledgeable about gene transfer 
techniques and possible clinical ap- 
plications of gene therapy to keep 
abreast of the newest trends in med- 
icine. 

Index terms: Gene therapy; Genetic 
engineering; Neoplasms; Research; 
Transfection 

Clin Pharm. 1993; 12:488-505 



Recent advances in molecular biology and ^f f ~ 
riolines have contributed to major developments m the 
dfaSs and treatment of human disease. Numerous 
d ialnostic products and biological therapies have been 
nrXced by recombinant DNA technology, ldentifica- 
^ranTclo y ning of genes involved in various human 
£ases have hSaldSl the era of human gene Uypy. a 
technique in which a functioning gene ls mserfcd ^to a 
human cell to correct a genetic error or to introduce a 
nr^ctl to the cell « Viruses such 
n .„ s adenoviruses, herpes virusts, and parvoviruses 
gaining wide use for introducing foreign genes ,nto 
human cells.'- The ultimate success and utility of human 
gene therapy depend in large part on the abihty of seen- 

. ^SSJSS^S^ of Kfc.ry.and. Baltimore. 



tists to elucidate the structure, function, and regulation 
of human genes ' The human genome project, an inter- 
national effort to map and sequence the ermre (genomes 
of man and several model organ.sms, will undoubtedly 
lead to the identification, characterization, and under- 
' standing of genes that are responsible for many human 

di Gene therapy has the potential to revolutionize the 
treatment of genetic disorders, diseases associated 
w th a genetic component (e.g., cystic fibrosa) cancer 
AIDS, and many other diseases Gene transfer may 
also be used to better understand the bio ogy of dis- 
ease processes. Some pharmacists have likened^ gene 
therapy to a sophisticated form of drug delivery and 

Mdress Sprint requests to Dr. Green at the N1H Clinical 
Cenfer Pharmacy Department. Building 10. Room 1N-2S7, 

B tenn:nh M C D uK^r 9 M 

lism Branch, National Cancer Institute, is acknowledged for h,s 

CX CSK-»« in the ASHP Continuing Educa- 
This is article fl h f continuing-educahon 

^ifS M^r learning abjective* and test questions. 
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have envisioned an active role for the pharmacy pro- 
fession. 5 Pharmacists, however, must understand the 
fundamentals of molecular biology if they are to keep 
pace with the rapid advances in gene therapy. This 
knowledge, integrated with expertise' in pharmaco- 
therapy, will allow pharmacists to contribute to the 
development of gene therapy trials and the care of 
patients undergoing this form of treatment. This arti- 
cle will review basic mechanics of gene transfer and 
gene therapy, describe the potential applications of 
gene transfer and gene therapy to better understand- 
ing of disease biology, and summarize the ongoing 
clinical trials employing gene transfer and gene thera- 
py techniques. 

Gene Structure, Function, and Regulation 

A gene is a segment of DNA with a unique order of 
purine and pyrimidine bases that encode a specific 
protein (Figure 1). It is estimated that the human ge- 
nome contains 3 billion DNA base pairs or the equiva- 
lent of. 50,000-100,000 genes divided among the 
chromosomes and the mitochondria. 4 Most genes from 
eukaryotic cells contain coding sequences (exons) that 
are interrupted by one or more noncoding regions (in- 
trons)* The regions adjacent to the introns and exons 
contain the initiation and termination sequences nec- 
essary to regulate messenger RNA (mRNA) transcrip- 
tion. Several similar sequences are found in the 5' 
regions of many different genes, possibly indicating 
that these sequences play an important role in gene 
regulation.* 

The flow of information from gene to protein prod- 
uct involves many complicated, highly coordinated, 
processes (Figure 2). The template for protein synthe- 
sis, mRNA, is formed in the nucleus as a complemen- 



Figure 1 Basic gene structure. A gene is a sequence of chro- 
mosomal DNA required to produce a func:ional RNA or polypep- 
tide product The basic gene structure consists of both the actual 
coding sequences (exons) and sequences necessary for proper 
gene expression. The promoter region (P), located at the 5 
terminus, includes the start codon and ;he sequences that ini- 
tiate messenger RNA (mRNA) transcription. Very few genes exist 
as cominjous coding sequences: most are interrupt by 
noncoding sequences (introns). Transcription ot the exon re- 
asons determines the resultant amino acid sequence. Introns are 
transcribed in the nucleus to RNA but are not part of the cyto- 
plasmic mRNA and therefore not part of the final protein product. 
Beyond the stop codon, an untranslated region at the 3 terminus 
is responsible for adding multiple polyadenosine residues to the 
mRNA. 
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Reviews in the Clinical Frontiers section summarize recent 
research advances, such as those that contribute to an under- 
standing of a disease process or the mechanism of drug action, 
describe new technologies or medical procedures that are likely 
to affect drug therapy, or describe likely new modes of drug 
therapy. Preference is given to articles that assess directions of 
ongoing research and critically evaluate therapeutic implica-. 
Hons in new or rapidly changing areas. 



tary copy of a single-strand portion of DNA through a 
process called transcription. The mRNA base sequence 
is then decoded to form a protein through a process 
known as translation. Ribosomal RNA is responsible 
for protein synthesis under the direction of transfer 
RNA, which provides the molecular, link between the 
coded sequence of RNA and that of the protein. 6 

The generic code is composed of 64 codons, which 
are sequences of three adjacent bases that specify a 
particular amino acid. Although up to three different 
codons can specify the same amino acid, the genetic 
code is considered universal because all organisms use 
the same codons. This fact explains why a simple bac- 
terium can translate a human gene into a polypeptide. 
Moreover, the DNA or RNA base sequence determines 
the amino acid sequence, and knowledge of the amino 
acid sequence can be used to deduce the possible DNA 
sequence that codes for the protein. 7 

The complex regulation of end-product protein pro- 
duction (gene expression) is controlled by many fac- 
tors, including gene structure, transcription, transla- 
tion, gene product amount (gene dosage), and protein 
processing.* For many genes, small fluctuations in the 
amount of the gene product can turn gene expression 
on or off through feedback mechanisms. For other 
genes, even large fluctuations do not alter gene expres- 
sion. The clinical manifestations of altered gene ex- 
pression can vary greatly as well. Some disorders can 
arise from small fluctuations in gene product expres- 
sion, whereas no clinical consequences may be appar- 
ent from large fluctuations in some gene products. 

Determining where genes are located on the chro- 
mosome (mapping) and characterization of DNA re- 
quires generation of a sufficient quantity of DNA 
fragments. Portions of DNA containing a specific gene 
are removed from the chromosome by using enzymes 
that recognize specific base-pair sequences (restriction 
enzymes). The number of DNA fragments is then am- 
plified (increased) and cloned (duplicated) in prokary- 
otic cells (e.g., bacteria), in eukaryotic cells (e.g., yeast), 
or by using the polymerase chain reaction (PCR). PCR 
is an efficient and highly sensitive method that allows 
the in vitro synthesis of large amounts of a desired 
DNA sequence. In addition, many other powerful mo- 
lecular biology techniques have been developed to 
help researchers and clinicians identify the genetic link 
to human diseases. To learn more about molecular 
biology, the reader is referred to several recent review 
articles. 8 -'" 
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Figure 2. P'cducho- o*' Droteir.s trom ge -~.es. Tne 'jrccoc\'ior\ of a pro:e'n croduc; is a Mghry reg-Ja:ed, co~>p ex process that starts with 
the gene. A: s:eo • tra-scric:icn of DNA ir.io RKA sians upst'e' j m frorr the coding sequences and continues alcna the chromosome 
.nclud-ng both exon a~d ntron seq je^ces. At step 2. tne O'imary RNA transcr nt is tfien modified :o rerrove the areas transcribed from 
intro r . At steo 3. the r esul:ant messenger RNA s then uanspo-.ed f r om the njcieus inio ;he cytoplasm where, at step 4. it is trar.slaied 
into the am no acid sequence for the aesired protein S ! ep 5 srows assembly of the competed protein. (From Thompson MW. Mclnnes 
RR, Willard HF. Thompson and Thompson genetics in medic ne 5th ed. Pniladeionia: Saunders: 1991. Adapted by permission.) 
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Gene Delivery into Cells 

Gene therapy requires introduction of foreign DNA 
sequences with stable integration, gene expression, 
and appropriate regulation in target tissues. The intro- 
duced gene can replace a missing gene or augment a 
defective one. For a gene to be expressed, it must first 
be delivered into the target cell. Once the gene is incor- 
porated into the cell nucleus, the cell can then produce 
the new or missing gene product. Theoretically, genes 
can be transferred into many different cell types. Ex- 
perimental techniques for delivering genes into hepa- 
tocytes, keratinocytes, fibroblasts, endothelial cells, 
epithelial cells, myocytes, and hematopoietic cells are 
available. 11 ' 17 Most gene transfer experience has been 
with hematopoietic cells, since bone marrow or blood 
is easy to obtain and handle. 1318 In particular, lympho- 
cytes were used in the initial gene therapy experi- 
ments for adenosine deaminase (ADA) deficiency and 
cancer. 19 Unfortunately, while bone marrow stem cells 
are self- renewing, lymphocytes have a-finite life cycle. 
Therefore, if lymphocytes are used as a cellular target 
for gene therapy, genes are expressed only as long as 
the lymphocyte lives. Thus, repeated infusions of 
gene-altered lymphocytes are required. 

The currently available techniques for transferring 
genes into cells include both physical and viral mcth- 



Completed polypeptide 



' ods. : "" Physical transfection methods include micro- 
injection of DNA directly into cells, electrophoretic 
transfer across cell membranes (electroporation), co- 
precipitation with calcium phosphate, and fusion to 
liposomes or spheroplasts. Microinjection, although 
10-100% efficient, is limited in clinical practice by the 
number of cells that can be injected. With microinjec- 
tion, each individual cell would need to be treated 
separately and since 10* to 10 g cells usually need to be 
treated, this method would not easily apply to many 
clinical situations, including bone marrow transplan- 
tation? 1 ^ Other physical methods have limitations 
that make them less than optimal for current attempts 
at human gene therapy. Transfection and electropora- 
tion are inefficient; less than 1% of cells will have sta- 
ble DNA integration into their chromosomes with this 
method Fusion methods, using spheroplasts devel- 
oped from bacteria after cell wall lysis or liposomes, 
involve attachment to the target cell membrane and 
then intracellular DNA delivery. DNA has been direct- 
ly transferred^ tumor cells via liposomes. 21 ' 24 Al- 
though stable integration of DNA in the tumor cells 
may not be possible using liposomes, it may not be 
required since transient expression may be sufficient 
to exert a biological effect. 

Viral vectors, primarily retroviruses, improve the 
efficiency of delivering genes into cells (Table l). 20 ' 22 - 25 
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A vector is any material containing DNA or RNA that 
is used to carry a gene into a cell. A viral vector pro- 
vides a means of inserting genetic information into the 
genome of host cells. The Moloney murine leukemia 
virus is the most commonly used retrovirus (Figure 3). 
To provide the necessary safety factors, the retroviral 
vector is made replication-deficient (also referred to as 
replication-defective) by removing the encapsidation' 
(y, psi) gene sequences necessary for viral replication. 
The vector can still infect the cell, integrate into the 
target cell, and deliver genetic information to the nu- 
cleus, but it cannot replicate. Viral proteins can then be 
made by the use of retrovirus "packaging" cell lines 
(Figure 4). 2b To accomplish this, the vectors are first 
modified to include the new gene(s) as well as the 
mechanism to control gene expression. 

These genetically modified retroviruses have been 
used safely in humans for ex vivo gene therapy (Figure 
5) 2,i9.27;ze Scientists can transduce large numbers of cells 
by using this method. 20 - 25 Retroviral vectors provide an 
advantage over other vector systems because they can 
stably insert a foreign gene into the host genome. This 
modification would then be passed on as the cell di- 
vides. Retroviral vectors provide a highly efficient 
means of gene transfer" (up to 90%) into replicating 
cells and precisely integrate transferred genes into cel- 
lular DNA. 20 - 25 Other methods of gene transfer are not 
as efficient as retroviral transduction and usually do 
not cause stable DNA integration into target cells, es- 
pecially primary somatic (nonterminal) cells. 29 How- 
ever, retroviral vectors do not integrate in nondividing 
cells.-" 10 

Adenoviruses provide another viral vector for gene 
therapy. 20 ' 22 - 31 Although not studied as extensively ?s 
retroviruses, they may play an important role in future 
gene therapy studies. After the genetic information 
controlling viral replication is removed from the ade- 
novirus, it can be suitable for gene therapy in a manner 



Table 1. 

Viral Vectors and Target Tissues 



Viral Vector 


Target Tissues 


Retrovirus 


Hematopoietic cells 




Hematopoietic stem ceils 




Fibroblasts 




Endothelial cells 




Myoblasts 




Smooth muscle cells 




Hepatccytes 


Adenovirus 


Airway epithelial cells ■ 




Hepatocytes 




Hematopoietic cells (lymphoid, 




myeloid) 


Adeno-associated 


Hematopoietic cells 


virus 


Fibroblasts 




Epithelial cells 


Herpesvirus 


Lymphoid cells 


Nondividing cells (e.g., differentiated 


j 


neurons and hepatocytes) 


Parvovirus 


Central nervous system 


Simian virus 40 


Smooth muscle cells 



similar to the retrovirus. However, adenoviral DNA 
functions in an extrachromosomal manner, rather than 
by insertion into the genome. Because of this, the ade- 
novirus should not cause malignant transformation 
(insertional mutagenesis or insertional oncogenesis). 
Unfortunately, the gene cannot be passed on to the 
progeny of the modified cell. Adenoviral vectors may 
cause transient high-level expression of genes in many 
cell types and could be useful in short-term gene thera- 
py. The major advantages for using adenoviral vectors 
are that they are suitable for infecting tissues in situ, 
especially the lung, and they can be made at high titers 
(10 n -10 12 plaque-forming units/mL), thereby allowing 
for high-efficiency transduction. Cells in the lung pro- 
liferate slowly and many are terminally differentiated, 
making them less susceptible to retroviral vector trans- 
duction. One example of the current use of an adenovi- 
ral vector is to deliver a human cystic fibrosis trans- 
membrane conductance regulator gene by intratrache- 
al instillation to airway epithelial cells. 32 

The herpes simplex virus (HSV) is another viral vec- 
tor with a natural affinity (tropism) for nondividing 
tissue. This virus is neurotropic and may be suitable 



Figure 3. Retroviral gene structure. The Moloney murine leuke- 
mia virus is an attractive- starting point to produce retroviral 
vectors with substitu-ed gene sequences of interest because the 
gag. po!, and env regions can be deleted and the virus can still 
enter a cell and integrate its genetic material without being able 
to reproduce. Dual-gene (or multiply-substituted) vectors can be 
prod-jced by inserting the appropriate promoter sequence be- 
fore each adoitionat gene. The LNL6 NeoR retroviral vector is a 
highly modified version of previous NeoR vectors to enhance 
safety: a stop codon (TAG) replaces the start codon. and murine 
sarcoma virus sequences (hatched regions) replace some 
Moloney virus sequences. LTR = long-terminal repeat, v {psi) = 
encapsidation sequence, gag = vira«* structural-protein se- 
quences, pol = viral enzymes (including reverse transcriptase) 
sequence, env = viral enveloDe-protein region, P = gene pro- 
mpter, TAG = thymidine-adenine-guanine stop codon triplet, 
NeoR - gene that confers resistance to the neomycin analogue 
G418. (From Cornetta K. Safety aspects of gene therapy. Br J 
Haematol. 1992; 80:421-6. Adapted with permission of Blackwell 
Scientific Publications Ltd.) 

Moloney Murine Leukemia Virus 
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Figure 5. Ex vivo gene therapy in humans, (From Valle D. Treatmen, ol genetic disease: current status ana prospects tor the Mure. 
Semin Perinatal 199V "StSuppI 1]SM. Adapted w.th permisson.) 



Remove appiopriaie target 
cells (rarrow.liver. skin ) 
from patient 




Return engineered cells lo 
appropriate site in patient 



Many celts now 
express the normal 
gene 



Introduce normal gene 
into cultured celts by one 
of a variety of methods 



for diseases of the central nervous system.* A unique 
characteristic of HSV that may offer advantages for 
future eene therapy applications is that there is space 
available to accommodate larger and more complex 
eene arrangements than adenoviral and retroviral vec- 
tors. 22 HSV has not been used as a vector system in 
human studies yet. 

32 Clinical Pharmacy Vol 12 Jul 1993 



The parvovirus, an adeno-associated virus (AAV) 
that is nonpathogenic and replication-defective, is be- 
ing studied as a gene vector. 22 It has a broad range of 
possible hosts and can integrate into a specific site m 
its host's DNA, thus minimizing the risk of msertional 
mutagenesis. If necessary, introduced sequences may 
be removed bv using a helper virus. The ability of the 
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AAV to enter latency is attractive for AAV vector de- 
velopment. 

Potential Target Tissues 

Although many types of tissue would theoretically 
be appropriate targets for correction of genetic defects, 
placing a normal gene into diseased tissues depends 
on several factors, including the proliferative state of 
the tissue, its accessibility to gene manipulation, the 
normal site of gene expression, the presence of cofac- 
tors, an c d the reversibility of tissue damage. Hemato- 
poietic cells are favored since there are well-developed 
procedures for bone marrow transplantation (BMT), 
several hematopoietic cell types, wide distribution of 
hematopoietic ceils, arid a variety of severe diseases 
affecting hematopoietic cells. 2 " 7 ' 

For many genetic therapies, the long-term, repopu- 
lating plur'ipotent hematopoietic stem cell is the ideal 
target for gene transfer. 18 ' 35 - 3 * Because of its extensive 
self-renewing capacity, a lasting genetic modification 
of the hematopoietic system can be accomplished by 
gene transfer. 18 -* Unfortunately, the hematopoietic 
stem cell is present in low concentrations, so many 
current gene therapy efforts target more differentiated 
hematopoietic cells, such as lymphocytes. 1 ^ However, 
recent advances have made gene transfer into hemato- 
poietic stems cells possible, and current research ef- 
forts are under way to make this approach more 

feasible. 1 **-* . 

The liver is also an attractive target to correct the 
many genetic disorders associated with inborn errors 
of metabolism. 21 -™ The liver has a blood supply that 
can be isolated for gene delivery and then used to 
distribute the gene product. While the hepatocyte does 
not proliferate to the extent that other target tissues for 
gene therapy (e.g., lymphocytes) do, it undergoes suf- 
ficient divisions to allow a 3-30% transduction 
rate. 2137 - 3 * Furthermore, hepatocytes can be removed 
by partial liver resection, grown in tissue culture, and 
then returned via the hepatic artery. While in culture 
thev can be transduced with recombinant retroviral 
vectors where, as has been demonstrated, a functional 
defect can be repaired. 3 * Moreover, there are a number 
of diseases that result from hepatic deficiency states. It 
mav be possible to cure a genetic disorder by supple- 
menting the liver with a gene that is deficient in spe- 
cific disease states. There is interest in the potential 
application of gene therapy in antitrypsin deficiency, a 
common hepatic deficiency state that leads to early- 
onset lung disease. 2 - 33 

Many metabolic, exocrine, autocrine, and nutritional 
disorders may be treated in the future by gene therapy 
targeting the intestines. Preliminary evidence suggests 
that intestinal tissue can be transduced by exposure to 
adenoviral vectors. Other potential targets for gene 
therapy in the gastrointestinal tract include the bile 
duct pancreatic cells, and other secretory cells - 

Investigators have transferred the gene encoding tis- 
sue plasminogen activator (TPA) into endothelial cells 
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via retroviral vectors. The genetically modified endo- 
thelial cells will then express TPA. Although a system- 
ic anticoagulant effect would not be expected from this 
production, local concentrations of TPA could pro- 
duce a thrombolytic environment and reduce throm- 
bosis. 3 " 

Most investigators agree that protocols modifying 
somatic tissues, as described above, are an ethical ther- 
apeutic option. However, controversy still exists as to 
the ethics of using germ cells (e.g., sperm or eggs) for 
gene therapy. Future generations could be damaged if 
the germ line is manipulated . Much is still not known 
about this type of therapy. Long-term adverse effects 
may occur if genetic information in patients' germinal 
cells is altered. Therefore, before gene therapy in hu- 
man germ cells is considered, more experience is nec- 
essary in animal models. 40 

Although preliminary research indicates promise in 
many of the previously described tissues, formidable 
obstacles need to be overcome before we see routine 
use of gene therapy in human disease. In the future, it 
may be possible to use gene therapy in a variety of cell 
types as a means of creating customised, localized, 
d'rug delivery systems in patients by producing drugs 
targeted at specific disease processes. 

Disease Candidates for Gene Therapy 

As scientists make progress in gene transfer tech- 
niques and uncover more details of the human ge- 
nome, the list of potential applications of gene therapy 
will grow (Table 2). Ethical and scientific consider- 
ations are important when choosing initial candidates 
for gene therapv. At first, clinicians considered severe 
genetic diseases with a predictable phenotype and 



Table 2. _ ^ 

Potential Disease Ca ndidates tor Gene Therapy 

Genetic diseases or disorders with associated genetic 
component 

SOD 3 with adenosine deaminase deficiency 

Familial hypercholesterolemia 

Hemophilia 

Cystic fibrosis 

Antitrypsin deticiency 

Chronic granulomatous disease 

Gaucher's disease type I 

Mucopolysaccharidosis 

Emphysema 

Phenylketonuria 

Ammoniemia 

Muscular dystrophy 

Thalassemia 

Sickle cell anemia 

Argininosuccinicaciduria 

Citrultinemia _, , . 

Purine-nucleoside phosphorylase deficiency 

Cancer 

Nonqenetic, nonmalignant diseases 

Acquired immunodeficiency syndrome 
Cardiovascular disease 



'SOD «° severe combined immunodeficiency. 
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limitations in current therapy that justified experimen- 
tal approaches. The basic categories of disorders in 
which gene therapy will be used are (1) diseases 
caused by a missing or defective gene, (2) cancer, and 

(3) nongenetic, nonmalignant diseases such as AIDS. 
To correct genetic disorders using the current gene 

transfer systems, several biological criteria should be 
met: (1) the disease is genetically recessive, (2) the 
defective gene has been identified and cloned, (3) pre- 
cise regulation of gene product is not required, and 

(4) target cells can be manipulated after removal from 
the body and safely returned to the patient.'- 2 Further- 
more, cells containing the corrected gene(s) should 
have a selective survival advantage over uncorrected 
cells. Without the survival advantage, remaining un- 
treated cells would dilute the beneficial effects of the 
genetically corrected cells. Recent advances in recom- 

' binant DNA technology, which make isolation of 
many genes possible, and new insights into gene regu- 
lation mechanisms make meeting these biological re- 
quirements feasible. 

At present, the most suitable genetic disorders meet- 
ing these criteria are those affecting the hematopoietic 
system. This is because a suitable method for reintro- 
ducing genetically altered cells already exists through 
BMT. In general, BMT is successful in diseases in 
which (1) the defect causes a complete or partial lack of 
functioning cells in a particular cell line, (2) there is 
defective enzyme synthesis, or (3) there is a defective 
transport molecule. These situations could be correct- 
ed by replacing the defective gene with its cloned 
functional equivalent. This approach is successful in 
treating hematopoietic disorders like severe combined 
immunodeficiency due to' ADA deficiency. 4142 Gene 
therapy may prove more difficult in disorders that 
involve complex gene regulation (e.g., diabetes melli- 
tus) or where the disease is manifested in relatively 
inaccessible body tissues, such as the bone matrix or 
the central nervous system (CNS). With current tech- 
nology, genes cannot be supplied through hematopoi- 
etic pathways to many other tissues, such as muscle, 
visceral organs, or neurons, and alternative gene deliv- 
ery pathways are necessary. CNS disease may prove to 
be particularly difficult to treat. In the CNS, only a 
relatively small number of diseases may be correctable 
with currently anticipated technologies. When a gene 
deficit results in a toxic product, early developmental 
failure caused by accumulation of toxic metabolites in 
the CNS may be irreversible. Damage to neurons may 
also result from physical damage induced by gene 
insertion (i.e., an immune response to a herpes vector). 
For these reasons, gene therapy of many CNS diseases 
may need to take place in the fetus or newborn before 
irreversible damage occurs and where the blood-brain 
barrier mav be more permeable to treated cells. 

Gene therapy is usually thought of as a technique for 
inserting a functioning gene into cells of a patient to 
correct an inborn genetic defect. 1 Gene therapy for 
malignant disease, for the most part, consists of insert- 
ing a gene into a cell to provide a new function for the 
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cell. Newer approaches are targeting the genetic basis 
for many malignancies by introducing missing tumor 
suppressor genes or inactivating oncogenes/ 3 Current 
approaches to gene therapy for cancer involve gene 
transfer into immune cells to modify and enhance im- 
mune cell functions, modifying tumor cells to stimu- 
late the immune response, inserting genes to make 
cancer cells sensitive to certain drugs (e.g., ganciclovir 
sodium), and using gene transfer for marking or en- 
hancing transplanted bone marrow for treatment of 
lymphoid tumors. 44 Also, genetic marking of autolo- 
gous bone marrow cells used for transplantation pro- 
vides a way to determine if the transplanted (reinfused) 
cells are the cause of posttransplant relapse. Conse- 
quently, new ways of reducing residual disease before 
removal of bone marrow or more rigorous marrow 
purging could be evaluated. 

The gene encoding bacterial neomycin phospho- 
transferase (usually referred 'to as the NeoR gene) has 
been successfully used in gene-marking studies. 45 
Cells that produce neomycin phosphotransferase are 
resistant to the neomycin analogue G418 and can be 
distinguished from cells that do not express this en- 
zyme. Insertion of the gene NeoR into tumor-infiltrat- 
ing lymphocytes (TIL) demonstrated that the gene 
could be inserted and expressed in human TIL and 
that the marked cells could be detected in blood and 
tumor samples. 43 Studies done in a limited number of 
patients have now shown that these gene-modified 
cells can be detected for up to six months in blood and 
two months in tumor after cell infusion. 4 * The NeoR 
gene is also being inserted into bone marrow cells used 
in BMT genc-marking studies. 

Gene therapy has been proposed as a treatment for 
AIDS. Better understanding of modes of transmission 
and molecular mechanisms of human immunodefi- 
ciency virus (HIV), replication has yielded creative ap- 
proaches to therapy. Gene transfer protocols have 
been designed to protect modified cells by blocking 
viral infection or by interfering with HIV gene expres- 
sion. Investigators are searching for ways to protect T 
lymphocytes, the primary target of HIV, from infec- 
tion. Protection of even a small proportion of T cells 
may salvage immune function in affected individuals 
and allow normal immune mechanisms to prevent fur- 
ther viral spread.* 6 

Ultimately, investigators will have to look at practi- 
cal issues to determine which current gene therapy 
strategies will address realistic clinical goals. Further 
research with viral vectors is needed to achieve both 
efficient gene transfer into target cell populations and 
stable expression of foreign gene products in clinically 
useful concentrations. 

? 

Safety of Gene Manipulation 

Importance of Assessment. Safety assessment is 
important with any new technology, but it is especial- 
ly important for gene therapy studies, where, in some 
cases, retroviruses are intentionally introduced. All 
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clinical studies involving gene transfer in human sub- 
jects are assessed by local institutional and national 
review committees' The local institutional review 
board evaluates the scientific and ethical merit of the 
study, and the institutional biosafety committee re- 
views the recombinant DNA aspects. In addition, all 
gene therapy protocols supported by U.S. government 
funds were initially reviewed by both the Human 
Gene Therapy Subcommittee (HGTS) of the Recombi- 
nant DNA Advisory Committee (RAC) and then sepa- 
rately by the RAC itself. Once gene therapy trials 
began and experience was gained, the need for this 
dual review by the HGTS and the RAC was ques- 
tioned and the HGTS was subsequently dissolved; 
now, only the RAC review is required. The RAC acts 
in an advisory capacity to the director of the National 
Institutes of Health (N1H; Bethesda, MD), who ulti- 
mately grants final approval. For example, the first 
gene transfer study underwent 15 separate reviews 
before final approval was granted in January 1989. 
Most recently, the RAC has adopted a procedure for 
the compassionate use of gene therapy.* 7 " 4 " 

During its existence, the HGTS produced n "Points 
To Consider" document to guide researchers in seek- 
ing approval for gene therapy studies* Several points 
contained in this document deal directly with safety 
issues. These concern the need for special precautions 
to prevent the spread of the recombinant DNA, to 
reduce any potential hazards to persons other than the 
person being treated, and to explain and provide labo- 
ratory evidence regarding the potential- harmful ef- 
fects' of the gene transfer (i.e., development of 
neoplasms, harmful mutations, regeneration of infec- 
tious particles, or an immune response). In consider- 
ing retro viral-media ted gene transfer, the first safety 
point deals with the construction of a safe viral vector 
system Often, this point forms the basis for most of 
the questions posed during the RAC review to investi- 
gators who want to perform gene transfer studies in 
humans. The investigators must demonstrate that they 
have considered all potential consequences of their 
study. The investigators must consider the potential 
for gene insertion into reproductive cells (e.g., sperm 
or eggs) and address the concern for retroviral infec- 
tion of people other than the patient, including health 
care workers and family members. 5 ' FDA has pro- 
duced a similar "Points To Consider" document that 
establishes the guidelines by which the Center for Bio- 
logies Evaluation and Research evaluates gene therapy 
studies. 5253 

In the safety assessment of any gene therapy proto- 
col using retroviral vectors, concern about potential 
, harm to the patient, family, health care providers, and 
the general public needs to be addressed. Potential 
\ patient harm can include an increased risk of cancer 
I and exposure to replication-competent retroviruses 
1 through recombination. Risks to those who come in 
I close contact with the patient, such as family or health 
) . care providers, can include infection from infectious 
viral particles. The potential harm to the general popu- 



lation includes the possible production of a new and 
infectious virus and the possible evolutionary effects 
of inadvertent retroviral infection of the germ line. 54 

Retroviral-Mediated Gene Transfer. Since most 
concern focuses on the most commonly used gene 
transfer system— retroviral vectors— it is important to 
understand the potential safety issues surrounding 
retroviral-mediated gene transfer/ 5 * 57 These include (1) 
contamination with replication-competent virus, (2) 
contamination with pathogens or toxins, (3) potential 
problems associated with gene insertion into the host 
genome, and (4) specific problems related to the meth- 
od by which the gene-altered cells are administered 
(e.g., hepatectomy) or the intended gene product (e.g., * 
interleukin-2). 

The most critical issue in the development of retro- 
viral-mediated gene transfer was the assurance that 
replication-competent viruses would not be produced. 
The retroviral vectors are constructed lacking the gag, 
pel, and env gene sequences necessary for replication. 
Virion packaging is accomplished by using "packag- 
ing cell lines" rather than potentially infectious helper 
viruses.* Initially, these packaging cell lines were pro- 
duced with a psi gene sequence deletion. It was soon 
learned that these cell lines can develop replication- 
competent virus through recombination of the psi se- 
quence from the vector with the ^/-negative helper 
virus. Newer packaging ceil lines have been devel- 
oped that lack both the psi gene sequence and parts of 
the long-terminal repeats at the 5' and 3' termini, thus 
necessitating two recombination events to produce a 
replication-competent virus. In addition, vectors have 
been produced that replace the.codon for starting gag 
gene transcription with a codon for stopping tran- 
scription. Researchers have also used vectors with 
substituted sequences from viruses that are not struc- 
turally homologous to the helper virus to minimize 
the frequency of recombination. Further modifications 
of the retroviral vector and the packaging cell line 
have produced systems that require three separate re- 
combination events, thereby greatly reducing the 
chance of producing a replication-competent virus. ■ - 
More importantly though, no problems associated 
with replication-competent virus have been reported 
in the more than 110 patients treated in gene therapy 
trials to date. 

Original observations suggested that murine retro- 
viruses capable of replicating in the cells of other spe- 
cies in addition to the original host (amphotropic 
retroviruses) proliferate poorly in primates, suggest- 
ing that if replication-competent helper virus infection 
did occur, the clinical consequences would be minimal 
or nonexistent. Recently, however, Donahue et al» 
reported the rapid occurrence of T-cell lymphoma in 
three profoundly immunosuppressed monkeys inten- 
• tionally exposed to replication-competent helper virus 
used in the supernatant for a gene transfer experiment. 
The monkevs were given fluorouracil and their bone 
marrow was harvested, then they were irradiated and 
the bone marrow transplanted. PCR analysis clearly 
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showed that the malignant cells contained sequences 
homologous with the helper virus and did not contain 
sequences from the retroviral vector. This observation 
stresses the importance of using supernatant that is 
free from replication-competent helper virus for hu- 
man gene therapy studies. Given the unique circum- 
stances surrounding this report, the current packaging 
systems and assay methods still appear to be safe for 
human use, although improvements in both would be 
beneficial. 5 " 

Although precautions are taken to use the safest 
retroviral vectors and packaging cell lines available, 
there is still the chance that replication-competent vi- 
rus can be transferred to the human genome. Re- 
searchers have developed sensitive tests to detect 
virus contamination. These tests include viral amplifi- 
cation in receptive (permissive) cells, which is 10-1000 
times more sensitive than currently used SVL"" biolog- 
ic or reverse-transcriptase assays, and the most sensi- 
tive test, PCR, which can detect one infected helper 
virus out of 100,000 transduced cells. 54-5 * Before intro- 
duction of the transduced cells into the patient, stan- 
dard FDA tests for contamination are performed on 
the producer cell line, the viral supernatant, and the 
transduced cells themselves. This minimizes the po- 
tential for infecting the patient with other pathogens 
or toxins. 52,53 

There are several additional concerns relating to for- 
eign .gene integration into the host genome. Retrovi- 
ruses and retroviral vectors insert randomly into the 
chromosomes with a possible preference for transcrip- 
. tionally active regions/ 5 -* The potential problems that 
may result from this insertion are related to the inser- 
tion position and normal function of the original cellu- 
lar gene. If the retrovirus integrates into a control or 
coding sequence, or possibly even into untranslated, 
untranscribed/or intervening sequences of an essential 
gene, it may cause inactivation or disruption of that 
gene's normal regulation. These alterations may result 
in no effect, individual cell death, or malignant trans- 
formation. SIS 557 

The most important concern is that retrovirus inser- 
tion may activate a proto-oncogene or inactivate a tu- 
mor suppressor gene', resulting in malignant transfor- 
mation. The probability of malignant transformation is 
related to the number of cells infected, the number of 
integrations per cell, the presence of proto-oncogenes, 
the role of suppressor genes, the number of cellular 
changes required to cause malignancy, the virus's nat- 
ural tropism for host cells, environmental factors, and 
the efficiency by which these insertions operate. It is 
estimated that as many as 10 separate factors may be 
involved in the development of certain maligna n- 
cies.^^Thus, retroviral-mediated gene transfer, which 
in some cases is designed to insert only one vector per 
cell, will have a very low probability of causing all of 
the cellular changes needed to induce malignant trans- 
formation> 57 - w 

It is known, however, that certain human retrovirus- 
es can produce malignancies such as T-cell lymphoma 



or AIDS. The absolute risk of cancer development with 
murine retroviruses or murinc-derived retroviral gene 

r transfer to humans is very low, but it cannot be accu- 
rately determined until more experience is gathered 
by using these techniques. Also, there is a risk for 
secondary malignancy development when radiation 
therapy or many chemotherapeutic agents (e.g., alky- 
lating agents) are used for treating cancer. Whether the 
risk for secondary malignancy is any higher (if it exists 
at all) with retroviral-mediated gene transfer is yet to 
be determined. No evidence of malignant transforma- 
tion has been seen in any of the humans treated since 
gene transfer trials began in 1989.*° 

Toxicities of Concurrent Therapies. The potential 
toxicities associated with other biological agents given 
to support the growth of the gene-altered cells should 
also be considered. For instance, if the transduced cells 
need to be given in the presence of aldesleukin (recom- 
binant human interleukin-2), then consideration must 
be given to the potential combined toxicities related to 
aldesleukin and the gene product. Likewise, if the 
gene-altered cells are to be returned to the patient 
through BMT, then the adverse effects associated with 
the high-dose antineoplastic preparative regimen giv- 
en before BMT should also be addressed. Consider- 
ation must also be given to the potential toxicities of- 
the intended gene product. For example, if the gene for 
tumor necrosis factor (TNF) is being introduced into a 
lymphocyte, consideration must be given to potential 
systemic TNF toxicities, even if the therapy is intended 
to be localized. 5 ' 50 

In the first government-approved trial in humans, 
the NeoR gene, which has no intrinsic therapeutic 
properties, was used as a marker to identify trans- 
duced cells to demonstrate the safety and feasibility of 
ex vivo retroviral-mediated gene transfer. In this 
study, 10 patients with malignant melanoma were 
treated with NeoR- transduced TIL. As in prior TIL 
studies, aldesleukin was given to patients concurrent- 
ly with the TIL to support their in vivo growth. 24 * 45 
Therapy-related adverse effects were no different from 
those normally seen with TIL plus aldesleukin thera- 
py. Rigorous testing showed that the viral supernatant 
used for gene transduction and TIL was sterile and 
contained no helper virus. PCR analysis and reverse 
transcriptase assays demonstrated no amphotropic 

, helper virus in the infused TIL. Results of Western blot 
analysis for viral gag protein and SVL - assay for virus, 
performed on the patients' serum multiple times 
throughout the study up to 180 days after cell infusion, 
were negative. Thus, it was demonstrated for the first 
time that ex vivo retroviral-mediated gene transfer 
into T lymphocytes, under the proper conditions, did 
not produce evidence of disease after infusion in' hu- 
mans. Similar safety assessments with adenoviral vec- 
tors are currently in progress. 

Safety Record. The accumulated experience with 
retroviral-mediated gene transfer from the equivalent 
of 106 monkey-years and 23 patient-years has demon- 
strated no adverse effects, no pathologic effects, and 
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j no malignancy development related to gene transfer.* 1 
However, as with any new experimental therapy, the 
J . potential risks associated with human gene therapy, 
| including the risk of cancer development, must be 

• judged against the potential toxicities associated with 

• alternative treatments and disease severity. 



i 



Clinical Applications of Gene Transfer and Gene 
Therapy 

The possible applications of human gene therapy to 
treat human diseases are virtually limitless. u - 20,65,b2 Ini- 
tial studies were directed at correcting inherited disor- 
ders and were subsequently expanded to better 
understand and possibly treat malignant diseases. 
. Clinical studies for nongenetic, nonmalignant diseases 
have recently begun. In some trials (gene-marking 
studies), cells are genetically marked so that they can 
be tracked throughout the body to enhance under- 
standing of disease biology (Table 3). In other studies, 
a gene is transferred as a means of treating a human 
disease; these studies are referred to as gene therapy 
studies (Table 4). Gene-marking and gene therapy 
studies are beginning to span the globe, with ongoing 
trials in Italy, France, Netherlands, China, England, 
and Germany. 

Genetic Disorders or Disorders with Associated 



Genetic Component. For only a few of more than 4000 
known human genetic disorders have the responsible 
genes been cloned to allow possible correction with 
-gene therapy. 27>Vftf! Clinical gene therapy trials have 
already been initiated in severe combined immunode- 
ficiency syndrome (SCID) associated with ADA defi- 
ciency, hemophilia B, familial hypercholesterolemia 
associated with a defect in the low-density-Hpoprotein 
(LDL) receptor gene, and cystic fibrosis. 

ADA-Deficient SCID. Researchers considered ADA- 
deficient SCID to most closely fit the criteria for an 
ideal candidate for genetic therapy. , ' MM2 The first hu- 
man gene therapy attempt took place on September 14, 
1990, in the pediatric intensive care unit at the Warren 
G. Magnuson Clinical Center of NIH. A four-year-old 
girl with ADA-deficient SCID and persistent immuno- 
deficiency despite pegademase bovine therapy for 
more than two years was given a .transfusion of her 
own peripheral-blood T lymphocytes that had been 
transduced ex vivo using retroviral-med iated gene 
transfer with the gene encoding normal human 
ADA.' 1 ' 4 " It was hoped that restoration of ADA en- 
zyme activity would restore cellular immunity, and 
allow this child to return to a more normal life. 

She received 11 infusions over the next two years, 
resulting in her regaining and maintaining some nor- 
mal immune functions. Her intracellular ADA concen- 
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( Table 3. 

\ Gene-Marking Studies with the Neomycin Resistance (NeoR) Gene 



Month First 
Patient Started 



5/89 
9/91 

12/91 
1/92 
3/92 
5/92 

7/92 
9/92 

12/92 
2/93 

Pending 
Pending 

Pending 
Pending 
. Pending 

Pending 

Pending 



Institution 3 



Condition 



Cells Marked* 5 



NIH 

St. Jude 

Centre Leon'Berard 
St. Jude 
Pittsburgh 
Indiana 

M. D. Andersen - 
NIH 

NIH 
UCLA 

Baylor 
NIH • 

M. D. Anderson 
Fred Hutchinson 
St. Jude 

St. Jude 

St. Jude 



Malignant melanoma 
Pediatric acute myelogenous 

leuKemia 
Malignant melanoma 
Neuroblastoma 
Malignant melanoma 
Adult acute leukemias 

Chronic myelogenous leukemia 
Multiple myeloma or chronic 

myelogenous leukemia 
Breast cancer 
Malignant melanoma or 

renal cell cancer 
Liver failure 
HIV* infection 

Chronic lymphocytic leukemia 
Nonmyeloid malignancies 
Neuroblastoma 

Pediatric acute myelogenous 

leukemia 
Bone marrow transplant 



TIL 

Bone marrow 
TIL 

Bone marrow 
TL 

Bone marrow and autologous 

peripheral blood 
Bone marrow and PBSC 0 
Bone marrow and PBSO. 

Bone marrow and PBSC 0 
PBL and TL (CD4+ 

and CD8 + subsets) 
Hepatocytes 

Syngeneic CD4 + and C08 + T 

lymphocytes 0 
Bone marrow and PBSC? 
IL-3 or G-CSF-stimulated PBSC 
Purged and unpurged bone 

marrow 
Bone marrow purged by two 

different methods* 
EBV-specific cytotoxic T 

lymphocytes 



"Full names and locations are National Institutes of Health (NIH), Bethesda. MD: St. Jude Children's Research Hospital. Memchis, TN; Centre Leon Berard, 
Lyon, France; University ol Pittsburgh, PA; Indiana University. Indianapolis; The University of Texas M. D. Anderson Cancer Center. Houston: Baylor Univer- 
sity Waco. TX; University of California-Los Angeles (UCLA); Fred Hutchinson Cancer Center. Seattle, WA. 

6 TIL = tumor-infiltrating lymphocytes; PBSC - peripheral-btood stem cells. PBL = periphe'al-blood leukocytes. IL-3 » interleukirv3,G-CSF = granulocyte 
colony-stimulating factor, EBV - Epstein-Barr virus. 

c Marked with G1Na and- LNL6 NeoR vectors. 
• °HIV - human immunodeficiency' virus.- 
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Table 4. 

Gene Therapy Studies 3 



' Month First 
Patient Started 



Institution 0 



Disease 



Transferred 
Genes 



Target or Delivery Cells 



9/90 
1/9- 
1Q791 
. 12/91 
2/92 
3/92 

3/92 
&'92 
6/92 
. 12/92 

12/92 
2/93 

2/93 

3/33 
4/93 

Pending 
'Pending 
Pending 
Pending 



NIH ADA-defcient SCID 

NIH Malignant melanoma 

NIH Advanced cancer 

Fudan-Changhai • Hemophilia B 



Leiden 
San Ratfaele 

NIH 

Michigan 
Michigan 
St. Juoe 

NIH 

MSKCC 

Washington 

Netherlands 
NIH 

Rochester 

Via gene 

M. D. Andersor. 

Pittsburgh 



Pending Iowa 



Pending 
Pending 
Pending 
Pending 
Pencing 



Michigan 
Iowa 

Cincinnati 
Johns Hopkins 
North Carolina 



ADA-deficient SCID' 
ADA-deficient SCID 

" Advanced cancer 
Malignant melanoma 
Farrviia! hypercholesterolemia 
Relapsed or refractory neuroblas- 
toma 

Primary or metastatic brain tumor 
HLA-A2-positive maSignant 

melanoma or renal ceil cancer 
AIDS-related lymphoma 

ADA-deficient SCID 
Cyst-c fibrosis 

Ovarian cancer 
AIDS 

Lung cancer . 
Advanced cancer 

Cystic fibrosis 

Cystic fibrosis 

Primary or metastatic brain tumor 
Cystic fibrosis 
Renal ceil cancer 
Cystic fibrosis 



ADA PBTC cr PBSC 

TNF ' TIL . 

TNF Tumor 

Factor IX Autologous skin fibroblasts 

ADA Bone marrow and PBL 

ADA ' PBTC and progenitor-enriched 

bone marrow 

IL-2 Tumor 

HLA-B7 Melanoma in vivo via liposomes 

LDL receDtor Hepatocytes 

IL-2 Tumor 

Tumor in vivo 
Allogeneic tumor 

CD8*" HlV-specific cytotoxic T 

lymphocytes 
Bone marrow 

Respiratory epithelial cells via 

direct inhalation 
Ovarian cancer 
Fibroblasts 
Tumor 

Autologous fibroblasts and 

Autologous tumor 
Nasal epithelial cells via direct 

inhalation 
Lung segment 
Tumor in vivo 
Respiratory epithelial cells 
Tumor 

Nasal epithelial cells 



HSV-TK 
IL-2 

HSV-TK and HPH 

ADA 
CFTR C 

HSV-TK 
HIV env 

Antisense K-ras or p53 
IL-4- 

CFTRC 

CFTR^ 
HSV-TK 
CFTF^ 
GM-CSF • 
CFTRC 




2 regulator, GM-CSF = granulocyte -macrophage colony; 
c Disableci adenovirus construct. 



tration rose from undetectable to 20-30% or the normal 
value. Her T, lymphocyte count rose to normal value. 
Some other indicators of immune status also im- 
proved, including antibody response to blood group 
antigens (isohemagglutinin titers), response to some 
skin test antigens, and in vitro T lymphocyte responses 
to influenza and allogeneic cells. She is now doing 
well, is able to play outdoors and swim in the commu- 
nity pool suffers fewer infections', and has entered 
' public school.. A second patient started treatment in 
January 1991 and is showing similar laboratory and 
clinical improvement. 67 

Since T lymphocytes are fully differentiated and 
therefore have a limited life span, it was thought that 
the beneficial effects of the transduced cells (if any) 
would be short-lived and that there would be gaps in 
the patient's immune repertoire. In the first patient 
treated, the infusions of transduced T lymphocytes 
were not given during a six : month period to deter- 



mine the hall-life of the infused cells. The number of 
peripheral-blood T lymphocytes gradually fell toward 
baseline over the six months, suggesting that the half- 
life was at least three months. Intracellular ADA con- 
centrations did not decline during this period. These 
findings suggested that there is a selective survival 
advantage for the genetically corrected cells in vivo. 

As a possible method of conferring lifelong gene 
correction, the NIH study has since been amended to 
transduce monoclonal-antibody-separated CD34 + pe- 
ripheral-blood stem cells harvested under the influ- 
ence of filgrastim/* The transduced peripheral-blood 
stem cells will be marked with a different ADA vector, 
enabling the researchers to determine which cell type, 
peripheral-blood stem cell or peripheral-blood T lym- 
phocyte, is providing the greatest benefit;^ trial using 
this technique has alreadv begun in Italy, with the first 
patient enrolled in March 1992. 4U - W It is hoped . that 
stem cell transduction will produce lifelong correction 
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of the enzyme defect and possibly become a one-shot 
cure for ADA deficiency and other genetic disorders. 
Other investigators are pursuing gene transfer into 
hematopoietic stem cells as well. 1,JM * 

Hemophilia, Thalassemia, and Sickle Cell Anemia. While 
the work with ADA deficiency has provided invalu- 
able insight into the possibilities for gene therapy, 
ADA deficiency is exceedingly rare compared with 
other genetic orders. A group of much more common 
genetic blood disorders, such as hemophilia, thalasse- 
mia, and sickle cell -anemia, have been targeted for 
gene therapy. 7073 A gene therapy trial for hemophilia B 
began in December 1991 in Shanghai, China. 

Gene therapy approaches to the hemophilias are dif- 
ferent from the approaches to ADA deficiency/ 0 73 He- 
mophilias A and B are caused by a variety of muta- 
tions occurring in the genes encoding clotting factor 

VIII or IX, respectively, resulting in clotting factor defi- 
ciency. Ideally, the mutant gene would be repaired by 
splicing it with normal DNA. Although preliminary 
work has shown that this is possible in vitro, it is 
highly unlikelv that this process wilt be available for in 
vivo use given the diversity of mutations encountered. 
As an alternative, researchers are investigating gene 
insertion techniques that allow cells to produce the 
missing factor(s). Although the liver might be the ideal 
target for correcting these hemophilias, much of the 
work thus far has been done by using transduced fi- 
broblasts.. 

Preliminary evidence suggests that adequate factor 

IX production can be achieved in vivo by using these 
techniques; however, persistent gene expression is a 
problem that still needs to be solved. Studies initially 
done in mice have demonstrated that an immune re- 
sponse can be mounted against the newly produced 
human protein, indicating that gene replacement ef- 
forts may be more beneficial in patients who produce 
insufficient amounts of protein product, rather than no 
protein at all* 1 Clinical studies using gene therapy to 
correct the other genetic blood disorders have not 
started yet; these diseases present difficult obstacles to 
overcome because the missing or abnormal protein 
product comes from a series of complex, tightly regu- 
lated, gene-containing clusters arid, the optimal gene 
delivery system has not yet been determined/ 1 ' 3 

Familial Hypercholesterolemia. A gene therapy trial for 
the treatment of familial hypercholesterolemia, which 
affects young children, has recently begun. Familial 
hypercholesterolemia results from a defect in the LDL- 
receptor gene. Deficient LDL-receptor production re- 
sults in a lack of LDL catabolism, causing high plasma 
concentrations of LDL and total cholesterol. This re- 
sults in premature development of coronary artery 
disease. In this study, hepatocytes are removed from 
the patient and transduced with a retroviral vector 
containing a human LDL-receptor gene. Studies have 
demonstrated that this technique is feasible , with a 
transduction efficiency rate approaching 30%. - ■ 
The transformed hepatocytes are then able to express 
sufficient quantities of recombinant LDL-receptor pro- 



tein on the cell surface. It is hoped that this will serve 
as an adjunct therapy.™ 74 According to a preliminary 
report-on the first patient treated, the transferred gene 
was functioning in the patient's liver, her plasma cho- 
lesterol concentration has fluctuated from 20% to 40% 
below her baseline values, she has experienced no un- 
toward effects as a result of the therapy, and she was 
recently started on cholesterol-lowering agents (now 
that she has LDL receptors). 75 

Cystic Fibrosis and Antitrypsin Deficiency. Cystic fi- 
brosis and antitrypsin deficiency are the two most 
common genetic pulmonary disorders in the United 
States.* 37 * Gene therapy may offer a promising ap- 
proach for long-term treatment for both diseases. 32 - 33 - 76 
Five cystic fibrosis gene therapy trials have recently 
been approved. 

Cystic fibrosis is a disorder caused by a defect in the 
gene for the cystic fibrosis transmembrane conduc- 
tance regulator (CFTR) protein, resulting in altered 
electrolyte transport in the epithelial cells of the pan- 
creas, gastrointestinal tract, and tracheobronchial 
tree. 33 - 7 " Alpha-1 -antitrypsin is a neutrophil elastase in- 
hibitor, and deficiency results from inadequate a-1- 
antitrypsin production by the liver. 33 Neutrophil 
elastase is a protease that can destroy the connective 
tissue backbone of alveolar walls; thus, antitrypsin de- 
ficiency can result in progressive lung tissue destruc- 
tion and emphysema. Infantile hepatic cirrhosis can 
also occur with antitrypsin deficiency. 233 A possible 
gene therapy approach to correct these disorders 
would be to deliver the CFTR or cc-1 -antitrypsin gene 
directly into the epithelial cells lining the airways 3233 
Alternatively, the a-l-antitrypsin gene can be directed 
toward hepatocytes in a more classic gene replacement 
attempt. 2 

However, unlike- other tissues targeted for gene 
therapy, lung tissue proliferates very slowly, making it 
less than suitable for using retroviral vectors. Investi- 
gators have developed a technique to directly admin- 
ister the CFTR or ra-l-antitrypsin gene to airway epi- 
thelial cells by using an adenoviral vector. 31 - 33 As 
mentioned previously, an ad eno virus-based vector 
was chosen because adenoviruses can efficiently infect 
nondividing lung epithelial cells. When adenovirus- 
based vectors carrying the normal CFTR gene were 
tested in cells from patients with cystic fibrosis, the 
infected cells demonstrated restoration of functional 
chloride channels. 33 A similar positive finding was 
demonstrated with vectors carrying the a-l-antitryp- 
sin gene. However, it should be noted that these local- 
ized strategies would correct only the pulmonary com- 
plications for these disorders and would not affect the 
hepatic complications associated with antitrypsin defi-. 
ciency or gastrointestinal complications associated 
with cystic fibrosis. 

Although this technique may pave the way for more 
direct in vivo gene transfer studies, whether it will 
work in human lung is yet to be demonstrated. Prob- 
lems mav arise in patients who have been previously 
exposed 'to adenovirus infection. If immunity devel- 
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ops, gene transfer efficiency may be compromised. If 
repeated inoculations are necessary- to provide ade- 
quate viral episomes, mild immunosuppression may 
be necessary, which would be less than ideal in a pa- 
tient already prone to infections. 

Hepatic Disease. A soon-to-begin study will use retro- 
viral-mediated gene transfer to mark hepatocytes as 
part of a hepatocellular transplant protocol. 77 It is 
thought that engrafting as little as 5% of normal hepa- 
tocytes into a diseased liver may restore enough func- 
tion to provide time to find a suitable liver donor. 
Marking the donated hepatocytes with a retroviral 
vector, such as the NeoR gene, will allow researchers 
to track the progress of the hepatocytes and possibly 
optimize surgical techniques. 

Other Diseases. Gene therapy is being explored for 
other diseases. It is closest to clinical trials for certain 
forms of chronic granulomatous disease (CCD) and 
Gaucher' s disease, a hereditary lack of the enzyme 
used by lysosomes to break down glucocerebro- 
side. 4 *- 7 * 79 For patients with CGD, researchers are 
working to insert the gene responsible for superoxide 
production into bone marrow or peripheral-blood 
stem cells. 79 Two approaches are being explored for 
Gaucher's disease/ 0 ' 7 '' One investigator is working on 
transducing bone marrow stem cells to produce the 
deficient enzyme. Another is working on maintaining 
'.lowered plasma lipid concentrations by using bioengi- 
neered fibroblasts or endothelial cells/* 7 * 

Much research is under way to examine .the poten- 
tial applications of gene therapy in treating many oth- 
er genetic disorders. With the expanding possibility of 
transducing target tissues in vivo, increasing the effi- 
ciency of gene transfer, and specifically directing in 
vivo delivery of the genes, a dramatic increase in the 
application of gene therapy to correct genetic disor- 
ders should occur within the next 10 years. 

Cancer. The discovery and application of biological 
therapy to treat human cancers has provided insight 
into the many possible approaches for using gene ther- 
apy to diagnose and treat cancer andto monitor cancer 
therapy. 4 - 1 - 44 -*"^ 4 In fact, if cancer is a disorder of somat- 
ic-cell genetics resulting in uncontrolled growth, it is 
clear that gene therapy will have a definite impact on 
cancer therapy in the future. Perhaps there is no area 
in which gene-marking studies are more relevant for 
understanding disease biology. 

Gene-Marking Studies. The first human gene-marking 
study attempted to better define the in vivo distribu- 
tion and survival of TIL through retroviral-mediated 
gene transfer. 45 In the first reported cases, it was dem- 
onstrated that the marked cells can persist in the circu- 
lation for at least 21 days and, in one patient, for up to 
189 days. Gene-marked TIL was recovered from tumor 
deposits up to 64 days after administration. Five addi- 
tional patients have subsequently been treated, with 
similar results." * 4 

The persistence of the gene-marked TIL has prompt- 
ed the use of gene-marked or "reporter" cells to better 
understand other aspects of cancer biology (Table 3). 



Several institutions, including one in France, are using 
NeoR-transduced TIL in patients with melanoma or 
renal-cell cancer. While these studies demonstrate an 
institution's ability to perform gene transfer experi- 
ments, some investigators have expanded on the origi- 
nal concept. For example, Lotze et al. S5 at the Universi- 
ty of Pittsburgh are using a combination of both 
interleukin-2 (IL-2) and interleukin-4 (IL-4) to cultivate 
TIL. They will then determine if this combination al- 
ters the transduction efficiency and tumor infiltration. 
Investigators at the University of California at Los An- 
geles (UCLA) are marking peripheral- blood leuko- 
cytes with one NeoR' vector (GlNa) and TIL with a 
slightly different NeoR vector (LNL6) to quantify tu- 
mor infiltration by these two cell types. 

Autologous BMT is a possible curative modality for 
several malignancies. Despite bone marrow removal 
during remission, marrow purging, and marrow puri- 
fication, many patients relapse after the transplant. To 
unravel the complexities of transplantation and to de- 
termine the source of relapse in patients treated with 
autologous BMT for hematological malignancies, such 
as acute or chronic myelogenous leukemia, or for solid 
tumors, such as neuroblastoma, investigators will use 
the NeoR-carrying vector to mark bone marrow 
cells/' 1 *' 0 With increased transduction efficiency and 
very sensitive detection techniques such as PCR, it is 
estimated that as few as 100 tumor cells need to be 
marked in order to detect them in the circulation fol- 
lowing transplant/ 2 Demonstration that marrow can 
be the source of relapse in these patients might lead to 
more efficient purging of the marrow before it is in- 
fused, whereas demonstration that the relapse comes 
from circulating peripheral cells might lead to more 
rigorous ablative therapy. Data are available from two 
patients with acute myelogenous leukemia treated at 
St. Jude Children's Research Hospital (Memphis, TN) 
who have relapsed after BMT and the NeoR gene 
marker has been identified in the resurgent blast cells, 
suggesting that bone marrow obtained during remis- 
sion can contribute to disease relapse/ 7 As a result, a 
new gene-marking study to compare two different 
marrow purging techniques was developed and has 
recently been approved. 

Peripheral-blood stem cells are used alone or in con- 
junction with bone marrow to hasten hematological 
recovery following bone-marrow ablative chemother- 
apy. While the clinical effects of using peripheral- 
blood stem cells are well documented, no studies have 
definitively determined that these cells are an extra - 
source of marrow reconstitution. Studies suggest that 
peripheral-blood stem cells can be transduced with the 
NeoR gene vector/* In a series of studies conducted at 
NIH, patients with chronic myelogenous leukemia, 
multiple myeloma, or breast cancer will have both 
their peripheral-blood stem cells and their bone mar- 
row removed and transduced with the NeoR gene be- 
fore receiving high-dose antineoplastic therapy. Simi- 
lar to the NeoR marking studies at UCLA, the 
peripheral-blood stem cells will be marked with a 
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slightly different NeoR vector than the bone marrow, 
i This will enable the investigators to determine the rel- 
ative contributions of each of the cell types. They will 

• also be able to determine the source of relapse, should 
! . that occur, in each of these studies. 

Additional studies at NIH are planned using the 
\ multidrug resistance gene-1 (MDR I ) to mark peripher- 
) al-blood stem cells and bone marrow cells from pa- 

* tients receiving BMT for breast cancer. Murine studies 
j have demonstrated that transduction of the MDR1 
j gene into bone marrow can confer resistance to pacli- 
( taxel and provide in vivo enrichment of transduced 

cells. w If the clinical study is successful, it may be 
j possible to use a dominant selectable marker, whereby 
i researchers can amplify cell clones in vivo that have 
I been cotransduced with the MDR1 gene and an addi- 
tional therapeutic gene, 
j Gene Therapy Studies. Many studies are under way 
t involving gene therapy for treatment of malignancies. 
; Novel approaches to treating cancer with gene transfer 
: techniques are summarized in Table 
'< Adding new genes to cells to give them new functions 
j can have many applications in cancer therapy. Early 
\ work toward developing adoptive immunotherapy 
' with lymphokine-activated killer (LAK) cells and then 
j TIL has provided the foundation for several ongoing 
j human gene therapy trials. 28 ' 44 ' 45 Like a sophisticated 
) drug-delivery system, TIL are being used to deliver for- 
\ eign therapeutic genes directly to tumors. In the first 
-^ trial, the gene for tumor necrosis factor (TNF) is inserted 
j into TIL (TNF-TIL). In previous clinical studies, TNF 
\ was an ineffective antitumor agent, perhaps because 



j Table 5. 

] Possible Genetic Therapies for Cancer* 

' Gene addition 

To lymphocytes to produce active cytokine within tumor 
1 (e.g.. TNF or IL-2 gene added to TIL) 

To tumor cells to make them more immunogenic 

(e.g.. TNF. !L-2, or HLA-B7) 
To produce new cytotoxic or cytostatic product 

within tumor (e.g., VDEPT or sensitivity genes) 
To produce protein product with new function - 
V (e.g., bone marrow protection by CSF'or MDR1 

• expression) - 

j To introduce tumor suppressor genes (e.g., p53) 
j Down-regulation of specific gene expression using 
inlormational drugs 
Antisense oligonucleotides targeted at mRNA 
Specific ribozymes targeted at mRNA 
Oligonucleotide-triplex DNA formation targeted 
~ at DNA 

Oligonucleotides targeted at RNA polymerase 

or transcription factors 
Proteases targeted at proteins 
Gene replacement lor mutant oncogenes or tumor 
\ suppressor genes 

Homologous recombination 
! Excision 

I Gene-function blocker 

- . — — — 

1 8 TNF «= tumor necrosis factor, IL-2 - interieukir>2. TIL = tumor-infiltrat- 
\ ing lymphocytes, HLA - human lymphocyte antigen. VDEPT — viralty.di- 
J • reeled enzyme prodrug therapy. CSF — colony-stimulating factor, MDR1 
\ . * = mufti drug 'resistance gono-1, mRNA — moceenger RNA. {Adapted from 
f reference 78, with permission.) 



dose-limiting hypotension prevented attainment of suf- 
ficient cytotoxic concentrations in vivo. However, ani- 
mal studies using TNF-TIL have demonstrated that 
localized TNF concentrations of up to 1000 p-g/g of tis- 
sue can be achieved (concentrations above 400 ug/g of 
tissue can result in tumor necrosis). Initially, the RAC 
allowed administration of TNF-TIL alone; when safety 
was demonstrated, the investigators were. allowed to 
add systemic aldesleukin in increasing dosages. 

Data reported from five patients treated" with TNF- 
T1L alone and TNF-TIL plus aldesleukin revealed that 
both therapies were safe to give to patients and neither 
produced TNF-related hypotension as seen with TNF 
alone. When a tumor-site biopsy obtained from a re- 
sponding patient was examined, the tumor regression 
seen was consistent with classic TNF- induced coagu- 
lative necrosis and not the lymphocyte infiltration 
seen with TIL therapy. 2tM4 This suggests that a local 
TNF effect was responsible for tumor regression. 
However, the merits of this trial have recently been 
questioned, as it appears that the transduced TIL are 
unable to uniformly express TNF at the projected 
amounts necessary for tumor regression and the TNF 
transduced TIL may have a different distribution pat- 
tern compared with that previously demonstrated for 
untransduced TIL.™ 

Other possible genetic modifications of TIL to im- 
prove antitumor activity include the introduction of 
(1) other immunomodulatory cytokines or proteins, 
such as a-interferon or y-interferon, interleukin-l a , in- 
terleukin-6 (IL-6), or interIeukin-7; (2) Fc receptor,, 
which mediates antibody-dependent cellular cytotox- 
icity; (3) chimeric T-cell receptors, which have altered 
T-cell specificity; and (4) the IL-2 receptor, which 
makes TIL more sensitive to IL-2. 2t, ' 44 - a4 

Because of the difficulties with gene transfer into T 
lymphocytes, researchers have been investigating cy- 
tokine expression in tumor cells. Cytokine genes 
inserted into tumor cells can make the tumor cells 
more immunogenic by increasing their recognition by 
host defenses. 2M ' uo ' H4 These observations, made in mu- 
rine models using genes for interleukin-l^ IL-2, IL-4, 
IL-6, TNF, Y-interferon; or granulocyte-macrophage 
colony-stimulating factor (GM-CSF), led to several 
clinical trials in which patients were immunized with 
their own tumor cells after those cells were modified 
by ex vivo retroviral-mediated gene transfer. 

In Rosenberg's first trial, tumor cells were modified 
by insertion of the TNF or IL-2 gene. 28 -" Small quanti- 
ties (less than 2% of the estimated total tumor burden) 
of these gene-modified rumor cells were then, injected 
subcutaneously into the thigh and intradermally into 
nearby sites. Three weeks later, the draining lymph 
nodes were removed and grown in IL-2. The resulting 
TIL were then given back to the patient with systemic 
aldesleukin doses, just as in previous TIL protocols. 2344 
Preliminary observations reported from five patients 
who had completed the first part of the study, in 
which TNF gene was inserted into tumor cells, suggest 
that a marked immunologic response can be mounted 
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aeainst these modified tumor cells. 1 "" 

TaVdnu a different approach for increasing tumor 
imrnunogenicity, investigators at the University of 
Sugar Twill introduce the gene for human lympho- 
cyte antigen (HLA)-B7 directly into tumors in vivo by 
using DNA-liposome complexes* It has been demon- 
strated in mJthat when a cytotoxic T-cell response >s 
induced, the gene product stimulates — ty o oth- 
er antiRens present on unmodified tumor cells and 
tumo degression occurs. The University of Michigan 
rial is one of the first gene therapy studies m which 
he eene transfection occurs directly in vivo rather 
thanTy processing the cells ex vivo and returning 

th ?mlS^ients with their own gene-modified 
tumoTceUs can also be considered the first step toward 
developing a tumor vaccine. While the ongoing stud- 
ies might provide a method for individualized vacci- 
nation it is envisioned that one day the genes coding 
Stumor-associated antigens could be inserted , into ^a 
virus, such as vaccinia, that might serve a , a ^pnmary 
or secondary cancer prevention method. Studies are 
ongoing to identify these tumor-associated antigens 
andTo determine if several tumor types share common. 

^frilly "directed enzyme prodrug therapy ^ some- 
times referred to as suicide or sensitivity gene therapy, 
Tman^pulation that takes advantage of pro hferabve, 
transcriptional, or enzymatic differences between tu- 
S and normal cells to cause preferenha tumor cell 
H „ ath muu.»i.« for one technique, a gene for a drug 
activating enzyme (e.g., herpes simplex virus thymi- 
dine Sse [HSV-TK]) is inserted into a tumor cell 
e ther in v vo or ex vivo.—— The actively dividing 
tumor cell then expresses the protein product of that 
gene e g , thymidine kinase). Upon uptake of a drug 
Sat is activated by this.enzyme (e.g., acyclovir or gan- 
cSlovir sodium), the tumor cell dies. To restric gene 
• exore sion of the drug-activating enzyme to tumor 
ceL a gene can be constructed that is composed of a 
Sue specific transcriptional regulatory sequence 
f g promoter sequence) adjacent to the sequence 
cod ne for the drug-activating enzyme.- Thus, it the 
promote? cquence for cx-fetoprotein (hepatoma), 
p osTate-specific antigen (prostate cancer), or caruno- 
Syonic P antigen (colorectal or lung a incer) i ad,a_ 
cent to the gene encoding for a drug-activating 
enzyme, thennormal tumor synthesis of the protein or 
Sen will result in synthesis of an enzyme that will 
activated subsequently administered cytotoxic 

a8 A n trial recentlv initiated at NIH in patients with either 
primary brain tumors or brain metastases secondary to 
• Lng cancer, breast cancer, malignant melanoma or re- 
nal cell care noma is introducing the gene for HSV-TK 
dtrecrtv in situ by using retroviral-mediated gene trans- 
£ - Ks been demonstrated that only actively d.vid- 
TL cells integrate retroviral vectors and express 
HSV TK In annals, normal neural cells, which have 
Seir capacity to divide, are spared « A tnal using 
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the HSV-TK suicide-virus gene concept has also been j 
proposed for patients with ovarian cancer. ► 
Gene addition can also be used to provide an indi- j 
rect therapeutic advantage by manipulating normal 
cells to make them more resistant to cytotoxic chemo- . ! 
therapy. As already described, penpheral-blood stem 
cell and bone marrow-marking studies using the ; 
MDR1 gene are planned." Preliminary evidence sug- 
gests that cell clones expressing MDR1 are resistant to 
The effects of cytotoxic drugs and can grow after treat- 
nent with these drugs. Patients in these s udies wiU 
receive either paclitaxel or vinblastine sulfate if they 
have progressive disease following the bone marrow 
Transplant If the transplanted cells continue to express \ 
MDR1 and the population expands, the mvestiga tors 
expect to see progressively shorter and shorter nadir | 
Lukocyte counts with subsequent pachtaxel or vm- 
blasdne sulfate treatments. Similarly, it is possibly that ■ 
hemopoietic protective effects can ^ *c£eved by \ 
transducing hematopoietic stem \ 
ing for protective cytokines such as CM-CSF. granulo- I 
cyle colony-stimulating factor, interleukm-3, or stem ( 
ce 11 f ctor/° Also, as many tumors result in part from 
inactive or missing tumor suppressor genes, gene ad- 
Z on therapy might be able to provide these missing . 

CI"^ to inhibit specific tumor growth 
func ions at the genetic level by down-regulating the 
expression of oncogenes by introducing information- 
al drugs or compounds with antisense relahonships 
to specific nucleotide sequences. These compounds in- 
clude oligonucleotides (which can block mRNA, ) 
DNA RNA polymerase, or transcription factor activi- 
tv), ribozymes (which can cut RNA at a specific terget , 
site), or proteases (which can inactivate several essen- 
tial tumorproteins).* 0 " 

Human tumors can result from overexpression o 
oncogenes, faUure to express certain tumor suppressor 
genes, or point mutations that activate transforming 
functions.^ Another strategy for gene therapy ma- 
nipulation would be to replace mutant genes with a 
normal copy of the gene by homologous recombina- 
nt or by mo^ excising the mutantgene and 
eplac ng it with a normal copy."* Homologous re- 
comb nadon has been shown to work well m vitro, but 
it is currently too inefficient to use in clinical trials. 

nX first attempt to target the genetic basis for 
cancer researchers at The University of Texas M. D. 
SSh Center (Houston) will focus on two 
mutahons associated with lung cancer: the K-ras onco- 
gene whtch is present in 30-40% of lung adenocarci- 
nomas, and the p53 tumor suppressor Jg^Si 
deleted in 50-70% of all lung cancers.'-' For patients 
wuh K Iras, the investigators will directly inject arctm- 
viral vector supernatant containing a construct with 
Z ^mirror image of the K-r»s mRNA into the tumon 
This ant°sense K-r.s should prevent the decoding of 
52 VI me sage and should stop uncontrolled tumor 
protiferaton. For patients with either a P 53 gene muta- 
non or deletion, a correct copy of the p53 gene will be 
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transfected directly into the. tumor. In both case; a 
rTr ne retrovirus will be used to insert the gene, and 
Animal studies have demonstrated that approximately 
50% of tumor cells will integrate this new gene. This is 
the first attempt to individualize gene therapy based 
on a patient's specific gene mutation. ^, or 
While many of the clinical trials using gene transfer 
techniques to better understand cancer biology or to 
treat cancer are still in very primitive stages, many 
more studies will soon be initiated. As we gain more 
insight into the processes behind the interactions of 
DN A, RNA, and proteins during transcription and as 
more oncogenes, tumor suppressor genes and tumor- 
associated proteins are discovered, it is likely that 
will be able to target cancer treatment directly at the 

^NongStk, Nonmalignant Diseases. Many nonge- 
netic nonmalignant diseases are targeted for gene 
The apy approaches. Among the most actively pur- 
sued areas are HIV infection and cardiovascular con- 
dUions Gene therapy for other diseases are sure to be 

T££p££i. known about the molecular biology 
surrounding HIV infection and perpetuation than any 
other infectious disease. Gene therapy strategies will 
£ : advantage of this knowledge by either, wjdjgng 
cells to protect them from infection or by targeting 
tr nscriprional or translation^ inhibitors of viral pj 
tein production.— « In the first approved HIV-rda * 
ed gene therapy trial researchers at the Fred Hutchin- 
son Cancer Center (Seattle, WA) are using CDS 
HIV-specific, cytolytic T cells tran sduced w«h btfha 
marker gene and a suicide gene for patients with HIV 
Elated lymphoma undergoing allogeneic 13MT.. 1 . 
hoped that the high-dose antineoplastic herapy tot. . 
body irradiation, and these cytolytic T cells will eradi 
cate'all HIV-infected cells in the patier, ,t , Preven 
infection of the healthy marrow, and that the trans 
planted marrow will repopulate the. hematologic lines 
with HIV-free cells. The gene encoding hygromyon 
phLhot nsferase is being used to mark ^ cytolytic 
T alto to follow cell survival. Since these cytotoxic T 
Wmphocy es are known to produce central nervous 
XSmSSty and lymphocytic alveolitis, transduc- 
?„ eene for HSV-TK will allow the investiga- 

ors to Sbte tVe transduced cells with, acyclovir or 
lane dovir sodium should untoward toxicity occur. In 
fnother trial, researchers will genet, cal al er fib ro- 
blasts to manufacture gpl60, a protein that is part ot 
the HIV protective envelope. 1 - 

Investigators have also described techniques to con- 
struct Retroviral vectors capable of expressing soluble 
S£ S ^^ell-surface receptor for HIV binding, thus 
ooenin K the possibility for the patient's own ce Is to 
manufacture diis protein to block HIV infection ot sur- 
SSSwSh.** Researchers are also actively con- 
SS decoy molecules directed at the rnapr 
Sv-ienomic elements, such as reverse transcriptase. 
I" Hlv genomite TAT-binding area 

I transactivating factor (1 All. me 1 for viral 

t (TAR), or REV (a viral protein required tor virai 



mRNA translation). 1 """ 12 Some researchers have pro- 
posed to use the HIV-I virus itself as a retroviral vec- 
tor delivery vehicle for transducing anti-HIV genes 
into target cells, as it has been demonstrated that this 
vector can enter cells in the same manner that HIV 



can " a 

Faraji-Shadan et al."" have described a novel tech- 
nique for intracellular immunization against HIV in- 
fection by using antibodies created by '™izing 
naive B cells with reverse transenptase or TAT. These 
selected antibodies, when introduced into the cyto- 
plasm and nucleus, would interfere w.th vira I rep hca- 
iion This technique may be applicable to other 
retroviral diseases such as adult T.cell lymphoma asso- 
ciated with human T-cell lymphotroptc virus type I. 

Despite what is known about HIV infection and the 
overwhelming enthusiasm to use gene therapy to pre- 
vent or treat this devastating disease, there are still 
many unanswered questions and hurdles o over- - 
«,me For instance, the critical level of T-cell protec- 
tion that is needed to confer overall patient protection 
from the clinical consequences of HIV infection is not 
known. Nonetheless, HIV infection will continue to be 
actively pursued for gene therapy. 

More people die from cardiovascular disorders than 
any other disease, making it a natural target area for 
gene therapy. Vascular grafting is commonly used to 
alleviate the symptoms associated with vascular 
blockages due to coronary artery or peripheral vascu- 
lar disease. In other cases, vascular stents are used to 
maintain vein patency. While these procedures are ,ru- 
SSSy effective! more'than 30% fail because the grafts 
clot Researchers a re currently investigating methods 
to engineer endothelial cells to secrete anUclotting 
compounds, such as TPA."- !7 - 1iM '' Preliminary da a 
suggest that these genes can function in viva ' ■ 
These genetically altered endothelial cells can then be 
implanted in the graft or stent to prevent clotting. This 
represents yet another application of gene the apy, 
that is, to prevent a complication associated with a 
sureical procedure. 

Obstacles To Overcome. Will we be able to cure or 
treat all diseases with gene therapy? There are still 
many obstacles to overcome. For instance, progress is 
slow in developing injectable vectors to simplify or- 
e en gene administration. Perhaps the biggest problem 
to overcome will be engineering the target cells to be 
able to regulate the gene expression according to phys- 
ologic needs. With diabetes mellitus, for example, i 
St be possible to engineer cells to secrete a cons ant 
Amount of insulin and prevent *e effects ot absolu e 
msulin deficiency.' 0 * But getting these cells to secrete 
insulin in response to the individual's diet just as the 
normal pancreas does is not close to being achieved 
yet. 

Conclusion 

The initiation of clinical gene therapy trials has her- 
alded a new age in medicine. From the. time the first 
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secreted by iransfccied COS or Chinese ni _ 
begins at a glycine residue ai position 21; the non-glycosylated 
form has a molecular mass of 12,397 by elecuospray mass 
spectrometry, close to the predicted M, of 12,399, although it 
migrates as a 9 K protein on SDS-PAGE (Fig. lC): 

The production by monocytes of inflammatory cytokines such 
as IL-1, IL-6 and tumour necrosis factor-a (TNF-a) is a crucial 
initiating event in a number of infectious and inflammatory 
pathologies. Wc have found that IL-13 strongly inhibits IL-6 
secretion induced by bacterial lipopolysaccharidc (LPS) in 
peripheral blood mononuclear cells (PBMC) (Fig- 3a). IL-13 
would appear to be acting directly on monocytes because an 
inhibition of IL-6 mRNA accumulation is observed rapidly 
(within 4 hours) in cultures of PBMC enriched in monocytes 
by adherence to tissue culture dishes (Fig; 36). A marked inhibi- 
tion is also seen for other inflammatory monokine mRNAs 
TNF-a, IL-8, gro-0) in LPS^reated monocytes in the 
presence of IL-13 (Fig. 36, and other data not shown). The 
action of IL-13 would thus seem to be a generalized block on 
Inflammatory monokine synthesis, a property shared with the 
other Th2 lymphokines IL-4 and IL-10 (ref. 13). IL-13 and IL-4 
show similar levels of inhibition of IL-6 synthesis (Fig. 3a)- 
IL-13 also inhibits production of human immunodeficiency virus 
(HIV) by tissue-culture differentiated macrophages 14 , contrast- 
ing with the stimulatory effects of macrophage-activating 
cytokines such as IL-3 and GM-CSF on HIV production that 
have been reported in comparable conditions 13 . 

The production of IFN-y by large granular lymphocytes 
(LGL) may direct subsequent immune responses, leading to 
macrophage aciivation and to a 'Thl-typc' cellular immune 
response 1 *. The major cytokine influencing this production of 
IFN-7 is IL-2 (ref. 17). We have found that IL-13 has a small, 
direct effect on IFN-y synthesis by LGL, and synergizes with 
both suboptimal and optimal doses of IL-2 (Fig. 3c). In this 
respect it resembles IL-I2 (ref. 17), rather than IL-4, which 
strongly inhibits IFN-y synthesis by these cells (Fig. 3c). 

IL-13 also affects B lymphocytes, increasing their proliferation 
and the expression of the CD23 surface antigen (P. Ca rayon 
and T. Defrance, personal communication). IL-13 is thus a 
highly pleiotropic cytokine. In its anti-inflammatory effects on 
monocytes and its stimulation of the humoral response through 
B lymphocytes, IL-13 contributes to the 'Th2-iype' response 
together with IL-4 and IL-10 (reft 18, 19). In, however, its effects 
on 1 FN-y synthesis, it might be expected to promote a 'Th 1-type' 
cellular immune response 16 * 20 . A full understanding of the 
cytokine network in different pathological situations now needs 
to lake into account the activities of IL-13. 

The anti-inflammatory function of IL-13 may be crucial in 
clinical inflammation, for example in septic shock or 
rheumatoid arthritis". Its activity on LGL may be clinically 
interesting in that, unlike IL-4, it does not decrease and can 
even increase the lL-2-induced lymphokine-activated killer 
activity of these cells (our unpublished results). As IL-13 also 
inhibits HIV replication in vitro", and systemic immunity to 
parental tumour cells can be induced by IL-13-secreiing tumour 
cells in vivo (D. Fradelizi, personal communication) » IL-13 
would appear to represent a potentially important new member 
of the therapeutic cytokine arsenal. □ 
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Cystic fibrosis (CF) Is a lethal inherited disorder affecting about 
1 in 2,000 Caucasians. The major cause of morbidity is pennaactf 
lung damage resulting from ion transport abnormalities in airwiy 
epitbelia that lead to mucus accumulation and bacterial co!oab> 
ation. CF is caused by mutations in the cystic fibrosis Iran*- 
membrane conductance regulator (CFTR) gene 1 that encodes i 
cyclic-AMP-regulated chloride channel". Cyclic- A MP-reguUtd 
chloride conductances are altered in airway epitbelia from CF 
patients 4 " 6 , suggesting that the functional expression of CFTR to 
the airways of CF patients may be a strategy ror treat™*!. 
Transgenic mice 7 " 9 with a disrupted cftr gene are appropriate fit 
testing gene therapy protocols. Here we report the use of liposome 
to deliver a CFTfc* expression plasroid to epithctia of the alrwij 
and to alveoli deep In the lung, leading to the correction or lit 
ion conductance defects found m the trachea or transgenic <c//tf) 
mice. These studies Illustrate the feasibility of gene therapy for 
the pulmonary aspects of CF in humans* 

Plasmid DNA completed wiih cationic liposomes can be 
successfully delivered and expressed in airway epithelial 
rodents' 0, . A suitable plasmid for expressing CFTR prole* 
was constructed in the vector pREPB (sec legend to Fig. 1). b 
this plasmid, pREP8-CFTR. the human CFTR cornplcrncniaf* 
DNA is under transcriptional control or the constitutive Roe 
sarcoma virus (RSV) 3' long terminal repeat (LTR) promoter, 
known to be active in nonproliferating airway epithelial cell* . 
To show that P REP8-CFTR expresses CFTR protein after 
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transfection, plasmid DNA complexed with cationic liposomes 
was introduced into HcLa cells and CFTR protein detected by 
western blotting (Fig. la). To ascertain whether the expressed 
CFTR protein was functional, cAMP-stimulated iodide efflux 
was measured in transfected cells (Fig. le). In HeLa cells trans- 
fected wjirTpREPS-CFTR, iodide efflux was stimulated by a 
cAMP-agonist cocktail. The cocktail did not stimulate efflux 
from cells transfected with the vector pREP8, The characteristics 
of this cAMP-stimulated anion efflux were similar to those 
reported previously for CFTR-expressing cells 12,13 . Thus, cells 
iransfccted with pREP8-CFTR express functional CFTR 
protein. 

RNA in situ hybridization was used to demonstrate that the 
CFTR expression plasmid can be delivered to airway epithelial 
cells by liposome-mediaied transfection in vivo. Because CFTR 
messenger RNA is expressed at high levels in human and rodent 
intestinal crypts l4 ' l6 f mouse intestinal sections were used as 
controls to demonstrate probe specificity. No hybridization to 
mouse intestine was detected with either of two human CFTR 
probes whereas, in consecutive sections, the mouse antisense 
(fir probe (but not the sense probe) detected abundant cftr 
mRNA in the crypts (data not shown). Additionally, neither the 
antisense nor the sense hisD vector control probes hybridized 
with mouse intestinal mRNA, as expected (data not shown). 
This demonst rales chat the human CFTR and vector hUD probes 
do not cross- hybridize with mouse cftr mRNA. 

After transfection of pREP8-CFTR DNA into the airways of 
mice of 20-28 days old, sequences corresponding to human 
CFTR were detected by in situ hybridization (Fig. 2). Strong 
hybridization signals were observed in isolated groups of airway 
cells using both the human CFTR probe (Fig. 2a-c) and the 

HG. 1 Expression of functional CFTR protein from plasmid pREPfi-CFTR in 
HeLa cells. 4 Western blot confirming expression of CFTR after transfection 
oi HeLa cells using Lipofectln. Lanes 1, KT29 cells; % HeLa cells transfected 
wlOi pREPfl.CFTR; 3, HeLa cells transfected with the vector pREP8. The KT29 
ceils served as a positive control for CFTR expression and migration 2 " 6 , 
indicated by the arrow. The —115 and 65K bands are due to nonspecific 
cross reactions of the antibody 3 *. H* 1.000 of markers is indicated, b. 
Time course of Iodide efflux from HeLa cells. Cells were transfected with 
plasmid pREP8-CFTR (■) or the vector pREP6 (□). The arrow Indicates the 
pc*u at which a cAMP -agonist cocktail was added. The data are displayed 
25 the mean of three Individual experiments (±s.e.m.). expressed as a 
percentage of the total effux. 

ICTHODS. Human CFTR cDNA encoding the entire CFTR coding sequence 1 
(nucleotides 133-4.620) was Inserted into the plasmid pREP8 (Invitrogen), 
under transcriptional control of the RSV 3' LTR promoter, to create plasmid 
P^PB-CFTR. The cDNA Incorporated three minor changes from the published 
sequence (C to G at nucleotide 136 13 ; T to C at nucleotide 936 27 ; A to C 
at nucleotide 1990 as ). and Included a Kozak translation Initiation sequence M 
(CCACCATG) Immediately 5' to the translation initiation codon. For plasmid 
U&nsfection. 1 x iO a HeLa cells were seeded into each well of 35-mm, 6- well 
'(issue culture dishes in Dulbeoco's modified Eagles medium supplemented 
with 10% fetal calf serum, and incubated at 37 D C. After 24 h growth, cells 
In each well were transfected with 8 u.g plasmid DNA mixed with 13 u£ 
Lipofectln (Gibco BRL) and diluted to 3 ml in Optlmem 1 (Giboo BRL). After 
. a funher 24-4S-h incubation at 37 "C. cells were either collected for protein 
extraction or used for enion efflux measurements. For protein extraction, 
cells were washed five times with ice-cold PBS and collected into a buffer 
containing 10 mM Tris-Ci pH 8.0, 10 mM KCt. 1.5 mM MgCl a . and the protease 
Inhibitors antipairi (50 u-g ml -1 ), aprotinin (10 u-g ml" 1 ), benzamidine 
(310 11^ ml" 1 ), leupeptin (5 mi wl ). peps te tin A (5 M-g ml" 1 ) and phenyl- 
meihyi sulphonyl fluoride (175 p.g mt" 4 ). Ceils were lysed by repeated 
passage through a 19-gauge neede. Cellular and nuclear debris were 
removed from the lysate by a 5-min centrlf ugation at 300£ and membranes 
peiletted by a 30-min centrlfugation at lOO.OOOg The membrane pellet was 
dissolved In 2,5%Trkon X-100 and separated by electrophoresis on a 6% 
SOS -poJyacryi amide gel. CFTR was detected by western blotting after trans- 
fer t o a hy bond C -super membrane (Amersham) using me well characterized 
antj-CFTR anUsera 181 M immunodetection was by enhanced chemilumines- 
cence (EfX; Amersham). To measure cAMP-stimulated efflux, the transfected 
cells were preloaded with Iodide by incubation for 40 mln at room tem- 
perature in 3 ml loading buffer (136 mM Nal. 3 mM KN0 3 . 2 mM Ca(N0 3 ) a . 
UmM glucose. 20 mM HE PES. pH 7.4). Extracellular Nai was removed by 
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hisD vector-specific probe (</-/). In a series of consecutive 
sections the hybridization signals observed with the human 
CFTR and hisD probes colocalized to the same airways and 
airspaces (Fig. 2a-f). No hybridization was detected with the 
mouse cftr probe. This provides strong evidence that the 
hybridization signals obtained arc highly specific and due to the 
transfected plasmid. Hybridization of these same probes to lung 
sections from untransfected animals served as a negative control 
against nonspecific hybridization; neither the human CFTR 
probe (g-0 nor the hisD probe (./-/) hybridized to any mRNAs 
in the lungs of untransfected mice. Hybridization signals were 
obtained with both the sense and antisense probes (Fig. 2a-f). 
Normally the antisense probe is used to detect mRNA whereas 
the sense probe serves as a negative control. Following transfec- 
tion, however, both the sense and antisense probes would be 
expected to recognize vector DNA. The stronger signal observed 
with the antisense probe indicates transcription. This was seen 
for the hisD gene which is transcribed from a vector promoter. 
In most hybridizing cells, the signal obtained with the antisense 
human CFTR probe (Fig. 2b) was also greater than that 
obtained with the sense probe (c), implying that human CFTR 
mRNA is expressed following transfection. 

The data in Fig. 3 show hybridization to sections through 
different regions of the lungs of a mouse which had been 
transfected with pREPS-CFTR. No expression of endogenous 
mouse cftr mRNA was detected in any region of the lung (data 
not shown), consistent with previous studies showing low-level 
cftr expression in rodent lung 14 , and with detailed studies of 
these transgenic animals (A.E.O.T. er al, manuscript in prepar- 
ation). This shows that the transfection protocol does not induce 
expression of endogenous mouse cftr mRNA. Human CFTR 
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6 x 1 mi rinses in efflux buffer (loading buffer with 136 mM NaNO, replacing 
the NaO. Cells were then washed with 1 ml efflux buffer for 1 mln using a 
sample-replace procedure. After the fifth 1-mln sample (designated' time 
0). eAMP-egonists (1 mM 3-isobutyi-l-rnetrryUanthfne (I6MX). 200 ?M 
dbutyryl-cAMP. 10 forakolln, dissolved in DMSO) were Included In the 
efflux buffer. The concentration of Iodide In each aliquot was determined 
using an lodlde-speclfic electrode (HNU systems). 
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expression was seen in the airways of three 
transfected with pREPS-CFTR and,- in at least one transacted 
animal, human CFTR sequences were detected in all five lobes 
of Lhe lung. Positive cells were detected in large and small 
airways (Fig. 2a-d), and in cells lining the air spaces of the 
more distal regions of the lung (e-j). It appeared to be the 
surface epithelial cells of the airways that had been transfected. 
Colocalization of the CFTR signal with the hisD probe (Fig. 2), 
confirmed that the signal was a consequence of transfection. 



FIG. 2 Detection of human CFTR 
by in situ hybridization In mouse 
airways following in vivo trans- 
fection. a-f*. Data obtained for a 
mouse trensfected with pREPS- 
CFTR; 0-/, controls for an untrans- 
fee led mouse. The probes used 
were against human CFTR exons 
1-6 (e-c and g-0 or the hisO 
vector sequences (d-f and j-l). 
For each example, three panels 
ere shown; (1) a brlghtfleld view - 
;0f a section hybridized with the 
antlsense probe, to illustrate 
tissue morphology (a, c< g, »; <2) a 
dark fie Id view of the same section 
(o, e, h k)\ (3) a darkfield view of 
an adjacent section probed with 
the control sense probe (c. f, i. /). 
Scale bar. 200 u-m. Similar 
results were obtained with 
severe! animals. 

METHOOS. Mice were given 
enough avertin by intraperitoneal 
Injection to induce very light 
anaesthesia. For transfection, 
-100 mg plasmld ONA was 
mixed with 25 m4 Upofectin in a 
total volume of 50 p.1 and 
administered to mice by tracheal 
Instillation in two loads by Inser- 
tion of a metal applicator, adapted 
from a 25-gauge blunted syringe 
needle, through the mouth and 
into the trachea to the point 
where the main bronchi branch 
off. The animals used weighed 
between 5 g and 12 g. Four days 
after Uansfectlorv in situ 
hybridization was performed on 
perfusjorvfixed tissue by a 
modification of the method 
described by Simmons eta/. 90 , as 
described previously". 3D S- 
labelled RNA probes were synthe- 
sized in vitro by run-off transcrip- 
tion from plasmld DNA. Incor- 
porating l 3B SHJTP. The antlsense 
end sense (control) , probes were 
derived from opposite strands of 
the same plasmid. The piasmlds 
used Tor probe generation were 
as follows. The two human CFTR 
probes, corresponding to nucleo- 
tides 62-645 (exons 1-6) and 
nucleotides 1,977-2,461 (exon 
13) (numbering according to 
ref.i). have been described 
previously 16 . The mouse eftr pro- 
bes were derived by reverse tran- 
scriptase PCR from mouse testis 
mRNA and corresponded to 
nucleotides 305-691 of exons 3- 
5. The N&D vector probe was 
subdoned from pREP8 and corresponded to nucleotides 3J.67-3.851. an 
probes were cloned into Bluescrlpt vectors (Siratagene). After developing, 
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Thus, transfection is effective^WH expression of human CFTR 
throughout the airway was achieved. 

To determine whether delivery of CFTR cDNA to the airways 
could correct the ion transport defects apparent in CF, we used 
a recently developed mouse model 0,17 . These transgenic (cf/tf) 
mice are homozygous for a null mutation in eft r and express 
- little or no detectable endogenous cftr mRNA (A.E.O.T. er ai t 
manuscript in preparation). CFTR-dependent, cAMP-stimu- 
latcd chloride conductances arc greatly reduced in the airways 
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sections were counterstained with haema toxylln and eoski and photographed 
u«»ntf „n Microphot FX microscope. 
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and caeca of these mice, compared with normal (+/+) animals, 
mimicking features of the human disorder 11 . The mice frequeni.lv 
die shortly after birth as a consequence of intestinal blockages . 
Ion transport in the trachea was measured by voltage clamping 
at zero potential, using pharmacological agents to eliminate or 
stimulate various processes (Fig. 4). Measurements were also 
made with the caecum of the same animal as an internal control. 
Figure 4A shows a set of typical results, and Fig. 4B a compila- 
tion of the data. For each tracheal preparation, three measure- 
ments were made: amiloride-sensitive sodium absorption (label- 
led Na"), cAMP-stimulated chloride secretion (labelled CI" 
cAMF), and Ca 2 ~-stimulatcd chloride secretion (labelled Cl" 
Ca ). As expected, CFTR-dependcnt, cAMP-stimulated 



chloride secretion was significantly reduced (/ , <0.0t) in both 
the (racheas and caeca of the cf/cf mice compared with the 
normal (+/+) mice. There was no significant difference in the 
cAMP-stimulated chloride secretion between untreated and 
pREP8-transfected normal mice, indicating that transfection 
itself has no effect on ion transport. Most importantly, transfec- 
tion of cf/cf mice with pREP8-CFTR restored the cAMP- stimu- 
lated chloride secretion in the trachea to a level comparable 
with that of normal (+/+) animals. In sharp contrast, transfec- 
tion of the vf/efmict with the vector pREP8 had no significant 
effect on the cAMP-stimulated chloride secretion in the trachea. 
The caecum of cf/cf mice transfected with pREP8-CFTR 
showed no appreciable cAMP-stimulated chloride secretion 



RG. 3 Detection of human CFTR in different regions of the 
mouse airway following transfection. Sections from different 
regions of the airway of a mouse transfected with pREPB-CFTR 
were hybridized with human antlsense CFTR probes corres- 
ponding to either exons 1-6 {e-f, /./) or exbn 13 (g and ft). 
8-<t Expression of human CFTR in small and large airways; 
e-l ftxpresslon (n airspaces In the more dlstaJ regions of the 
king. Some variation was found in the proportion of eells 
iransfeeted In different animals which probably reflects 
dfferences in the amounts of DNA delivered. Scale bar 
100 j*m. See legend to Fig. 2 for details of methods and 
hybridization probes. 
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FIG. 4 Correction of the ion channel defects in the trachea of transgenic 
(cf/cf) mice. A, Sample traces showing examples of the data from which 
panel B was compiled. Three paired tracheal/caecaJ preparations are shown. 
Upper records show measurements for the caecum and tower records for 
the trachea of the same animal, a, cf/cf mouse transfected with pR£P8-CFTR: 
b, +/+ mouse transfected with pREP8; c, cf/cf mouse t/ansfected with the 
vector pREP8. Four additions were made to each of the tracheal preparations 
at the time points indicated by dots. First, amilorlde (100 was added 
(aplcatly) to block electrogenle sodium absorption and to ensure subsequent 
current Increases were not due to this activity. EC^, for amilorlde Is — 1 u.M 
and 100 uJvl will give essentially 100% inhibition 31 . Second, forskolln (10 ^M) 
. was added to both sides of the membrane to stimulate adenylate cyclase 
and activate c/uW'-sensitive chloride channels, Increasing chloride secretion. 
Third, the Ca 2 * ionophore A 231 8 7 (1 j*Mj was added to both sides of the 
membrane to activate Ce 2 ""-dependent chloride secretion. The ionophore- 
induced responses were much slower than those Induced by for^olin. Finally, 
frusemide (1 mM) was added base laterally to block chloride secretion, 
confirming the nature of the electrogenle transporting activity. Frusemide 
(1 mM) Inhibits over 90% of CI" secretion 17 . Calibrations for the trachea 
ere the same In each panel. Caecal preparations (upper records) received 
two additions, forskolin (10 hM added to both sides of the membrane) and 
frusemide (1 mM, added basolaterally). Other additions are specifically label- 
led: C. carbachol (10 m-M); H, histamine (10 »jlM). In both the caecum and the 
trachea the chloride secretory responses were Inhibited by frusemide. 
Indicating that they are due to electrogenle chloride secretion from the 
ba&oJateral to the luminal side of the epithelium. In 8 out of 10 cf/cf caeca, 
frusemide led to a slight Increase In short-circuit current (5SC) (c upper 
record): this is probably due to a blockage of K"* secretion and Is typical of 
the caecum of cf/cf mice 17 , B, Compilation of the data. Mice were subjected 
to three different treatment protocols: a, cf/cf mice transfected with 
PREP8-CFTR; b, -■-/+ mice transfected with the vector pREPB; c, cf/cf mice 
transfected with the vector pR£P8. Four animals in each group were matched 
based on a compromise between weight and age. Data were only Included 
when paired airway and caecal measurements could be made for the same 
animal. The genotypes of the transfected mice, and of the plasmld DNA 
with which they were transfected. was unknown at the time the measure- 
ments ware made. For each treatment regime, three sets of data are shown. 
(1) The left hand columns show SCC measurements for the trachea. Three 
measurements of SCC changes are presented Na* amOoride-sensltive 
sodium absorption 31 ; CI" cAMP. SCC change induced by forskolln, presumed 
to reflect CFTR function a~ Ca 2 \ SCC change induced by the addition 
of the calcium ionophore A23187. As about 50% of the basal current in 
the airways was due to sodium absorption, chloride secretion was measured 
after the addition of amilorlde (lOO \iM) which abolished electrogenle sodium 
absorption. (2) The central columns show SCC measurements for the 
caecum. Only cAMP-sensitlve. chloride secretion (CT cANF). induced by the 
addition of forskolln (10 m-M). was measured. Amilorlde was not added 
because the caecum shows no sodium absorptive current 17,33 . (3) The 
right-hand columns show the weights of the animals used (meanAs.e.m.), 
Note; the Ion transport characteristics of 4/6 pREP8-CFTR transfected cf/cf 
mice were altered by vansfectton; the reason for the failure of the other 
two mice is almost certainly failure In delivery. Nevertheless, the forskolln* 
sensitive SCC (CP cAMP) In the whole group including the two failures 
(9.2 ±2.6p. A cm" 2 . n=6) was significantly greater (P < 0.05, Mann and 
Witney test) than the value for cf/cf mice (1.9 ±0.5 cm" 2 , n = 4). Finally, 
data for two other groups of animals were obtained although these are not 
Illustrated In the figure. Untreated, wild-type (+/+) mice (n = 5: weight 
±s.e.m. = 32.2 ± 2,9 g) had transport parameters as follows (mean ± s.e.m,): 
for the trachea 1^ = 10.7*4.8 u-A cm -2 , CI" cAMP«U.4±4.3 u-A cm"*. 
CI" Ca 3 * =12.14= 4.7 u-A cm -2 ; for the caecum CT . cAMP=35.6± 
7.0 jlA cm 2 Heterozygous (cf/+) mice transfected with pREPft-CFTR (n = 2: 
mean weight, 7.0 g) had the following transport parameters (mean =fc 
for the trachea: Na 4 =4,5 p.A cm" 2 , a" cAMP-6.6 p.A cm" 3 . Crca 2 *= 
8.2^Acm^ : for the caecum CTcAN*» » 104.6 y.Acm~ 2 . Note that the 
forskolin-sensltlve currents (CI" cAMP) in the trachea were smaller than 
those reported previously for wild-type mice 17 . This Is undoubtedly a con- 
sequence of edge damage caused by using only 2.27 mm 2 areas of trachea 
In the present study, necessitated by the small size of the cf/cf mice, 
compared with 4 mm 3 areas of trachea in previous studies. 
METHODS. Transgenic mice were geno typed by PCR and/or Southern blot 
analysis as described 17 . Introduction of plasmld DNA Into the mouse airways 
was as described in the legend to Fig, 2. Trachea and caeca were removed 
from the transfected animals killed by exposure to 100% CO,. A single 
tracheal preparation (Z27 mm 2 ) and a single caecal preparation (20 mm 2 ) 
was prepared from each animal. The reduction In tracheal area, compared 
with a previous report 17 was due to the necessity of using animals as small 
as 5 g. The trachea were cleaned and cut longitudinally along the dorsal 
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surface and a piece placed under microscopic control in a specially construc- 
ted Ussing chamber designed to preserve the curvature of the tissue. 
Electrogenle Ion transport was measured directly as SCC recorded by voltage 
clamping the tissue at zero potential, as described previously 17 . 
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compared with the control (+/+) mice, confirming the genotypes 
of the mice and that the transfection procedure did not affect 
ihe gut. Thus, the transfection procedure used can restore CFTR- 
dependent, cAMP-stimulated chloride secretion by airway epi- 
ihelia to normal levels;. 

In the airways of human CF patients there is an increase in 
imi I ori de-sensitive sodium absorption, as well as a decrease in 
chloride secretion, compared with controls' a * 20 . Ft has been 
suggested that this is crucial to the development of (he disease 
state, as application of amiloride by aerosol alleviates the decline 
in lung function in CF 21 - 22 . It is not yet clear how a Joss of 
CFTR function leads to this increase in sodium absorption. In 
contrast to the human, sodium absorption was reduced in the 
airways of cf/cf mice (Fig. 4B). Transfection of the cf/cf mice 
with pREPfi-CFTR, but not with the vector pREP8, significsmly 
increased sodium absorption (seven* to eightfold; ?<0.05), to 
essentially wild-type (+/+) levels (Fig.4fi). Thus, secondary 
alterations in sodium transport were also corrected to wild-type 
levels by the transfection protocol used. Finally, Ca^-induced 
chloride secretion reflects an alternative pathway for chloride 
secretion in the airways distinct from the CFTR pathway 4 ". 
Ca 2 *-stimulated chloride secretory currents were not defective 
in cf/cf trachea, compared with trachea of normal (+/+) mice, 
but were significantly increased following transfection with 
CFTR (F<0.05; Fig. 4B). This latter increase is probably a 
consequence of hyperpolarization through Ca 2 *-sensiiive K* 
channels, which increases the electrochemical gradient for C!~ 
exit through the introduced CFTR channels and the pre-existing 
second pathway 24 . 

These data show that the ion transport defects in CF can be 
corrected in vivo. Liposomes, which in clinical trials have been 
ihown to be non-toxic and non-immunogenic, may be safer than 
viral vectors which have the inherent risks of immunogenicity, 
replication and transmission. Our results illustrate the invaluable 
role of transgenic null cf/cf tn'xct in assessing the efficiency of 
various gene therapy approaches. We have shown that functional 
expression of CFTR not only corrects the primary ion transport 
defect of the trachea (that is, the cAMP-stimulated chloride 
secretion), but also corrects secondary alterations in sodium 
absorption which arc a consequence of loss of CFTR function. 
There seems to be no reason why this approach should not be 
transferable to humans for the treatment of the pulmonary 
features of CF. □ 
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Introduction of DNA fragments, hundreds of kilobascs in 
size, into mouse embryonic stem (ES) cells would greatly advance 
the ability to manipulate the mouse genome. Mice generated from 
such modified cells would permit Investigation of the function and 
expression of very large or crudely mapped genes. Large DNA 
molecules cloned Into yeast artificial chromosomes (YACs) are 
stable and genetically manlpulable within yeast 1 , suggesting yeast- 
cell fusion as an ideal method for transferring large DNA segments 
into mammalian cells. Introduction of YACs into different cell 
types by this technique has been reported 1 " 4 ; however, the incorpor- 
ation of yeast DNA along with the YAC has raised doubts as t 
whether ES cells, modified in this way, would be able to recolonize 
the mouse germ line*. Here we provide, to our knowledge, the first 
demonstration of germ-line transmission and expression of a large 
human DNA fragment, introduced Into ES cells by fusion with 
yeast sphcroplasts. Proper development was not impaired by the 
cointegration of a large portion of the yeast genome with the YAC. 

Yeast spheropJasts, carrying yHPRT, a 670 kilobase (kb) YAC 
containing the human hypoxanthine phosphoribosyltransferase 
(HPRT) gene 4 , were fused with the HPRT-deficient ES cell line 
E14TG2a (ref. 9). Clones expressing the HPRT locus were 
selected in hypoxamhinc/aminopierin/thymidine (HAT) 
medium (Fig. l legend) and expanded. The human HPRT gene 
was detected by hybridization in all ES cell clones analysed (not 
shown). The integration of additional human sequences was 
examined by comparing the Alu profile of 37 HAT*resistant 
(ESY) clones to that of yHPRT in yeast. Most, if not all, of the 
30 Alu fragments characteristic of yHPRT were present and of 
similar relative intensity in over 90% of the ESY clones (Figs 
la, 3B). In clones with an incomplete Alu profile (such as ESY 
8-5, Fig. la) only a few fragments were missing or altered in 
size. In most ESY clones, the Alu pattern appeared to be intact 
and without significant deletion, rearrangement or segmental 
amplification. 

Integration of YAC vector sequences was investigated with 
vector arm-specific probes. A 4.5 kb Hindlll fragment, detected 
by the right arm probe in yHPRT, was observed in' 10 of 20 
ESY clones (Fig. \b). This vector arm was lost in eight ESY 
clones (for example ESY 3-1, 3-6, Fig. lfc) and rearranged in 
two (for example ESY 8-6, Fig. 16). The left arm probe detected 
the 3 kb and 4.1 kb Hmdlll yHPRT fragments in 18 of20 clones 
(Fig. lc). In total, 8 of the 20 clones (such as ESY 5-2, 8-7, 7-3, 
Fig. la-c) contained complete Alu profiles and both intact YAC 
vector arms. 

The structural integrity of yHPRT in ESY clones 5-2 and 8-7 
was further evaluated by pulsed -field gel electrophoresis. In 
yeast carrying yHPRT, five Sfil fragments of the following rough 
sizes were defined by different probes; 315 kb (Alu, left arm), 
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phoapnate-buffered saline (overnight). We added 
B19 empty capslds (100 ul. 5 >ig/mf) id each well 
(in Quadruplicate) and delected binding by a 
mouse entl-819 monoclonal antibody (Chemioon) 
followed by ,B6 l-lebeied sheep anti-mouse anti- 
tody (Amcrshem). The radioactivity in each wef 
was counieo foe 2 min with a 7 counier. There was 
no specific binding wim CDH or CTH (methanol ' 
aione, mean courn of 241; CDH, mean count of 
262; CTH. mean count of 244), and reduced bind- 
ing to Forssman antigen (mean count of 2088) 
compared to globes ide (mean count of 7456). 1 
18. B19 capslds and mouse monoclonal antibody to 
pjoboside bound to the same band on Western 
Wotting of red cell extract, perhaps to a putative 
"gtoboproietn" (Y. Tonegawa and S. Hakomori. 



Biochem. Btaphys, 3es. Commun. 76, 9 (1977) J. 
However, this band was removed by digestion 
with lipase but not by proteases, more consistent 
wilh a glycollpld moiety. 
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fn addition, our preliminary data indicate Ihat 
individuals who lack P on their ceile (blood-group 
p phenotyoe) have no evidence of previous Infec- 
tion wfth Bi9. compared with a B19 seropreva- 
lence rate of 60% in the general population. 
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In Vivo Gene Therapy of Hemophilia B: Sustained 
Partial Correction in Factor IX-Deficient Dogs 

Mark A- Kay,* Steven Rothenberg, Charles N. Landen, 
Dwight A. Bellinger, Frances Leland, Carol Toman, 
Milton Finegold, Arthur R. Thompson, M. S. Read, 
Kenneth M. Brinkhous, Savio L C. Woot 

The Hyer represents a model organ for gene therapy. A method has been developed for 
hepatic gen transfer in vivo by the direct Infusion of recombinant retroviral vectors into the 
portal vasculature, which results in the persistent expression of exogenous genes. To 
determine If these technologies are applicable for the treatment of hemophilia 8 patients, 
preclinical efficacy studies were done in a hemophilia B dog model. When the canine factor 
IX complementary DNA was transduced directly into the hepatocytes of affected dogs In 
vivo, the animals constitutrvely expressed low levels of canine factor IX for more than 5 
months. P rsistent expression of the dotting factor resulted in reductions of whole blood 
dotting and partial thromboplastin times of the treated animals. Thus, long-term treatment 
of hemophilia B patients may be feasible by direct hepatic gene therapy in vivo. 



Hemophilia B is an X-lxnked blood coag- 
ulation disorder resulting from a deficiency 
of factor IX production in the liver. The 
disease affects about I in 30,000 males and 
can result in severe bleeding episodes that 
require infusion of blood products that con- 
tain factor IX (J): As a result of previous 
human protein replacement therapy, about 
talf of hemophilia B patients arc infected 
with human immunodeficiency virus or 
hepatitis viruses. A virus-free and non- 
thrombogenic factor IX product is now avail- 
able, buc because of high costs the currenc 
treatment protocols do nor, include prophy- 



laxis and therapy is initiated after bleeding 
begins. A number of tissues are target organs 
for somatic gene therapy of hemophilia B, 
including fibroblasts, myoblasts, endothelial 
cells, keratinocytes, and hepatocytes (2-7) . 
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Because the liver is the organ of factor IX 
synthesis, it represents a natural target for 
gene replacement therapy. 

We have previously reported that hepa- 
tocytes can be transduced in vivo by infusion 
of recombinant retroviral vectors into the 
portal vasculature of mice after partial hep- 
atectomy (8). To determine if the same can 
be achieved in larger animals (such as dogs), 
we infused an amphotropic retroviral vector 
(LBGpgk) that encodes the Escherichia coli 
3-galactosidase gene (8) directly into the 
portal vasculature of normal dogs three 
times 1 to 3 days after partial hepatectomy 
(Fig. 1). Two weeks later, hepatocytes were 
isolated and stained with 5-bromo-4- 
chloro-3MmdoyI-6-D-galactopyranoside (x- 
Gal) (Fig. 1A). Liver sections from these 
animals were similarly analyzed (Fig. IB). 
The proportion of stained (blue) cells in Fig. 
1 represents the in vivo transduction fre- 
quency of hepatocytes and was about 1 and 
0.3% in two animals. Additional tissues, in- 
cluding kidney and spleen, did not stain blue 
with x-GaL These transduction efficiencies 
are similar to that previously observed in 
mice (8). Routine histologic analysis re- % 
vealed no pathologic conditions in the liver. 
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Fig. 1. Retroviral vector-mediated gen© transfer 
of canine hepatocytes in vivo. A two-thirds partial 
hepatectomy was performed in two, 9-week-old 
normal dogs (3.5 kg) by resecting the left medial, 
left lateral, right medial, and caudate lobes. The 
right lateral lobe and Its segmental blood supply 
and biliary arainaQe were preserved. The dtstaJ 
tip of a porta-calh catheter (Access Technology, 
Skokie, IL) was cannulated Into a splenic vein. 
The injection port was placed subcuraneousiy 
under the right lateral abdominal wall. The 
LBGpgk vector was collected from confluent 
packaging cells cultured in Hg DMEM and 1% 
Hyclone for 12 hours. About 85 ml of filtered 
supematants containing 9 x 10 7 colony-forming 
units was mixed with Polybrene (20 M-9/rnQ and 
infused over 45 to 90 min through the catheter 24. 
48, and 72 hours after the hepatectomy. The 
animals tolerated the procedure well except for 
occasional vomiting and transient pallor during 
the beginning of the first infusion. When the dogs 
were killed, hepatocytes were isolated, cultured 
( 70), and stained wilh x-Gal (5) (A) (original magnification, x200), and (B) liver sections were stained 
with x-Gal and counterstalned with neutral red (8) (original magnification, x400). 
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An amphotropic reaoviral vector 
encoded the canine factor IX complemen- 
tary DNA (cDNA) (LX-cFIX) was con- 
structed (9) and transduced into rat embryo 
208 F cells (8) to assess its ability for in vitro 
expression of factor IX. The media were 
changed daily, and canine factor IX was 
measured by enzyme-linked immunosorbent 
assay (ELISA) (8, 10) with a species-specif- 
ic polyclonal antibody that was prepared as 
described (11). The transduced rodent cells 
produce 225 ng of canine factor IX antigen 
per 10 6 cells per day, whereas control cells 
produce no detectable factor IX (12). This 
recombinant retroviral vector was used for 
infusion into the portal vasculature of four 
hemophilia B dogs (Table 1) from the 
Chapel Hill inbred strain (13). The molec- 
ular defect in these dogs is a missense 
mutation in the catalytic domain of factor 
IX that results in a complete lack of antigen 
in the plasma (14). A partial hepatectomy 
was performed in these experimental ani- 



Flg. 2. Plasma factor IX con central ions and 
WBCTs in hemophilia B dog 1 after hepatic 
transduction with Ihe LTR-cFIX retroviral vector. 
The plasma factor ix concentrations wore deter- 
mined immunologically by EUSA and by bioas- 
say. The bioassays were performed by a modi- 
fied one-stage method (16) in which a kaolin- 
activated canine hemophilia B plasma was used 
as a substrate, a limiting dilution of a normal 
canine plasma pool was used as reference plas- 
ma (1 1 .5 M-g/ml), and lest plasmas were diluted in 
a 1 ;1 0 ratio. The value of 1 1 .5 M-9/ml was estimat- 
ed from the ratio of the concentration of normal 
human factor IX activity (5.0 p,g/ml) to the con- 
centration of normal canine factor IX activity. 
Hemostatic testing consisted of a determination 
of the WBCT (with the two-lube method at 26*C 
with the use of silicone-coated tubes tilled every 
30 s until clotted). (A) Values for the antigen 
concentrations of factor IX are shown in solid 
symbols, and the vatues from the bioassay are 
shown in open symbols. (B) The WBCTs in dog 1 
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mals, followed by the infusion of the LX- 
cFIX retrovirus 24, 48, and 72 hours after 
partial hepatectomy (Table 1). Factor IX 
concentrations In their plasma were mea- 
sured by biologic and immunoassays (Figs. 
2 A and 3A). The' hemostatic parameters 
were monitored by changes in the whole 
blood clotting time (WBCT) (Figs. ZB and 
3B) and partial thromboplastin time (PTT) 
(Table 1). These tests are indexes of the 
intrinsic pathway of clotting in which fac- 
tor IX is the key component - 

In dog 1 , the plasma factor IX increased 
from undetectable amounts to a range of 2 
to 6 ng/ml; these levels have been main- 
tained constitutively for over 5 months 
(Fig. 2A)> and there is close agreement 
between the -biologic and immunoassay 
results- Most importantly, this dog had a 
WBCT of 15 to 20 min during the 
5-month period after treatment, whereas 
the WBCT for untreated factor IX-defi- 
cient Uttermates ranged from 45 to 55 min 




150 



50 100 
Doye after InfUftfOft 

(solid squares), two affected hemophilia B liUermates (open squares), and the range in normai dogs 
(open circles). The days after Infusion represent the number of days after the first retroviral infusion: 
day 0 represents measurements from samples obtained before any procedural manipulations. 

Table 1. Hemophilia B dogs used in a gene therapy protocol (23). The weight and age were 
recorded on the day Ihe study was started. The methods for partial hepateclorny were essentially 
the same as outlined in Fig. 1 . Blood samples were obtained from the animals before surgery, and 
hemostatic coverage was maintained with multiple infusions of normal fresh frozen plasm given 
immediately before and for 24 hours after the operation (57.4 to 72.7 units of factor IX per kilogram 
of body weight). Circulating factor IX from plasma infusions in untreated animals is cleared within 8 
to 10- days (22). The PTTs (24) were obtained from two to four samples before the start of the 
experiments (Before) and then were analyzed 6 to 10 times for each animal on different days starting 
at least 11 days after the viral infusion (After); The times shown indicate nonactivated PTTs, which 
for normal dogs are 42 to 47 s. The standard deviations are in parentheses. 



Dog* 


Weight 
(kg) 


Age 
(weeks) 


Infusion 
volume 
(ml) 


PTT (s) 

Before 


After 


1 


5.3 


11 


510 


322 (15) 


174 (6.5) 


2 


7.3 


14 


720 


262 (0.6) 


190 (7.5) 


3 


6.7 


14 


720 


•195 (13) 


154 (8.6) 



2B). A long WBCT is characterutfc! 
of a dog colony severely deficient in factor* 
IX; normal dogs, on the other hand, havr 
a WBCT of 6 to 8 min (Fig. 2B)- In vino 
addlcion of normal dog plasma to whok 
blood from hemophilia B dogs to a final; 
concentration of 3 ng/ml reduced thtj 
WBCT to 20 min. This is in agreement 
with the WBCT and factor IX concentre- ; 
tions obtained in dog 1 after treatmetf _\ 
(Fig. 2). The PTT for dog 1 was aIk 
shortened from 322 before treatment h 
174 seconds after treatment (Table 1). • • 

Plasma from dog 2 showed factor D 
concentrations similar to that of dog I 1 
(Figs. 2A and 3 A), whereas dog 3 haT| 
slightly greater concentrations, rangier 
from 3 to 10 ng/ml (Fig. 3 A). Boch do&T. c 
and 3 had similar reductions' in thei ' 
WBCT, from pretreatment values of 44 R c 

47 min to 18 to 26 min after treatment (Ffc , c 

.. c 




10 



60 



'One animal died as a result of a surgical complication and was nol included. 



20 30 40 
Days after Infusion i 

ng. 3. Plasma (actor IX concentrations "an 
WBCTs in hemophilia B dogs 2 and 3 afr 
hepatic transduction with the LTR-cFIX retroi 
ral vector. The hemostatic characterization 
were as described (Fig, 2). (A) The values b 
the antigen concentrations are in solid symbd 
Dog 2, squares; dog 3, circles. Values from ft 
bioassay are In open symbols. (B) Whole bkw 
dotting times. Dog 2, open squares; dog 3 
solid circles. The study on dog 2 t rmlnatedfl 
day 42 as multiple transfusions war given % 
hemorrhage. Dog 3 developed a minor bleed 
ing episode that required one infusion of now 
dog plasma on day 26, which accounts for* 
hiatus in data for days 27 to 36. Previa/ 
studies (22) have shown that by 10 days aft 
infusion exogenous factor IX is undetectable t 
bioassay. 
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3B). The PTTs in dogs 2 and 3 were also 
decreased significantly (Tabic 1). To fur- 
(hcr establish the biological activity of plas- 
ma /actor IX, we treated samples from dogs 
I and 3 with barium sulfate to remove 
7-carboxylafcd proteins, including factor 
IX (15). The barium sul fate-treated plas- 
mas of created dogs had a prolonged PTT 
that was similar to the pre treatment PTT 
values. 

Our 6tudy demonstrates the feasibility 
of in vivo retroviral-mediated gene trans- 
fer into the liver of a large animal, which 
results in phenocypic improvement of a 
deficiency syndrome. The factor IX anrir 
gen amounts achieved after gene transfer 
were only about 0.1% of the endogenous 
concentration of factor IX in normal ani- 
mals, which demonstrates that the consti- 
tutive expression of a relatively small 
quantity of the factor IX protein is suffi- 
cient to cause a reduction in the WBCT 
and a shortening of the PTT. Our data 
indicate that the WBCT is extremely sen- 
sitive co changes in factor IX concentra- 
tion in the hemophilia B dogs. In moder- 
ate and mild human hemophilia patients 
with shortened WBCT and factor levels in 
the 3 to 8% range, there is scill a risk of 
hemorrhage, although both the frequency 
and the severity of episodes are consider- 
ably less than those of severely affected 
individuals (16). For future human appli- 
cations, however, increased circulating 
factor IX levels must first be achieved. 
This may be accomplished by developing 
merhods that lead to greater efficiencies of 
hepacocytc transduction in vivo and by 
creating expression vectors with stronger 
promoters. These reservations notwith- 
Handing, our results illustrate the efficacy 
of in vivo gene therapy of hemophilia B - 
and other metabolic disorders secondary to . 
hepatic deficiencies- 

Note added hi proof; Plasma factor IX con- 
centrations and WBCTs remained at the 



same values at 9 months after treatment for 
dog 1 and 6 months after treatment for dog 3. 
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Abstracts 

The liver represents a model organ for gene therapy. A method has been developed for 
hepatic gene transfer in vivo by the direct infusion of recombinant retroviral vectors into the 
portal vasculature, which results in the persistent expression of exogenous genes. To 
determine if these technologies are applicable for the treatment of hemophilia B patients, 
preclinical efficacy studies were done in a hemophilia B dog model. When the canine factor IX 
complementary DNA was transduced directly into the hepatocytes of affected dogs in vivo, 
the animals constitutively expressed low levels of canine factor IX for more than 5 months. 
Persistent expression of the clotting factor resulted in reductions of whole blood clotting and 
partial thromboplastin times of the treated animals. Thus, long-term treatment of hemophilia B 
patients may be feasible by direct hepatic gene therapy in vivo. 



Hemophilia B is an X-linked blood coagulation disorder resulting from a deficiency of 
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factor IX production in the liver. The disease affects about 1 in 30,000 males and can result in 
severe bleeding episodes that require infusion of blood products that contain factor DC [1], As 
a result of previous human protein replacement therapy, about half of hemophilia B patients 
are infected with human immunodeficiency virus or hepatitis viruses. A virus-free and 
nonthrombogenic factor IX product is now available, but because of high costs the current 
treatment protocols do not include prophylaxis and therapy is initiated after bleeding begins. A 
number of tissues are target organs for somatic-gene therapy of hemophilia B, including 
fibroblasts, myoblasts, endothelial cells, keratinocytes, and hepatocytes £2£Z1- Because the liver 
is the organ of factor IX synthesis, it represents a natural target for gene replacement therapy. 

We have previously reported that hepatocytes can be transduced in vivo by infusion of 
recombinant retroviral vectors into the portal vasculature of mice after partial hepatectomy [£L- 
To determine if the same can be achieved in larger animals (such as dogs), we infused an 
amphotropic retroviral vector (LBGpgk) that encodes the Escherichia coli beta-galactosidase 
gene |«l directly into the portal vasculature of normal dogs three times 1 to 3 days after partial 
hepatectomy Figure i . Two weeks later, hepatocytes were isolated and stained with 5-bromo-4- 
chloro-3-imdoyl-6-D-galactopyranoside (x-Gal) Figure 1 A. Liver sections from these animals 
were similarly analyzed Figure IB. The proportion of stained (bhie) cells in OmsUrepresents 
the in vivo transduction frequency of hepatocytes and was about 1 and 0.3% in two animals. 
Additional tissues, including kidney and spleen, did not stain blue with x-Gal. These 
transduction efficiencies are similar to that previously observed in mice ULL. Routine histologic 
analysis revealed no pathologic conditions in the liver. 




Fift\w i . Retroviral vector-mediated gene transfer of canine hepatocytes in vivo. A 



two-thirds partial hepatectomy was performed in two, 9-woek-old normal dogs (3.5 
kg) by resecting the left medial, left lateral, right medial, and caudate lobes. The right 
lateral lobe and its segmental blood supply and biliary drainage were preserved. The 
distal tip of a porta-cath catheter (Access Technology, Skokie, DL) >^as cannulated 
into a splenic vein. The injection port was placed subcutaneousty under the right 
lateral abdominal wall. The LBGpgk vector was collected from confluent packaging 
cells cultured in Hg DMEM and 1% Hyclone for 12 hours. About 85 ml of filtered 
supernatants containing 9 times 10 7 colony-forming units was mixed with Polybrene 
(20 mu g/mi) and infused over 45 to 90 min through the catheter 24, 48, and 72 
hours alter the hepatectomy. The animals tolerated the procedure well except for 
occasional vomiting and transient pallor during the beginning of the first infusion. 
When the dogs were killed, hepatocytes were isolated, cultured LLQL and stained with 
x-Gal [|l (A) (original magnification, times 200), and (B) liver sections were stained 
with X-Gal and counters tained with neutral red m (original magnification, times 
400). . 



An amphotropic retroviral vector that encoded the canine factor IX complementary DNA 
(cDNA) (LX-cFDC) was constructed 19[ and transduced into rat embryo 208F cells un to 
assess its ability for in vitro expression of factor IX. The media were changed daily, and canine 
factor IX was measured by enzyme-linked immunosorbent assay (ELIS A) [rtjoj with a species- 
specific polyclonal antibody that was prepared as described [ill. The transduced rodent cells 
produce 225 ng of canine factor IX antigen per 10 6 cells per day, whereas control cells 
produce no detectable factor IX Q21. This recombinant retroviral vector was used for infusion 
into the portal vasculature of four hemophilia B dogs Table l from the Chapel Hill inbred strain 
1131 . The molecular defect in these dogs is a missense mutation in the catalytic domain of 
factor IX that results in a complete lack of antigen in the plasma LLH. A partial hepatectomy 
was performed in these experimental animals, followed by the infusion of the LX-cFIX 
retrovirus 24, 48, and 72 hours after partial hepatectomy Table l . Factor IX concentrations in 
their plasma were measured by biologic and immunoassays Figure s. 2A and 3 A). The 
hemostatic parameters were monitored by changes in the whole blood clotting time (WBCT) 
(Figs. 2B and 3B) and partial thromboplastin time (PTT) Tublc i . These tests are indexes of the 
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intrinsic pathway of dotting m which factor IX is the key component. 



lahlii- Hemophilia B dogs used in a gene therapy protocol 123]. The weight and age 
were recorded on the day the study was started. The methods for partial hepatcctomy 
were essentially the same an outlined in Hieurc l . Blood samples were obtained from 



the animals before surgery, and hemostatic coverage was maintained with multiple infusions of normal fresh frozen plasm given 
immediately before and for 24 hours after the operation (57.4 to 72,7 units of factor EX per kilogram of body weight). Circulating 
factor DC from plasma infusions in untreated animals is cleared within 8 to 10 days UJA- The PTTs u±l were obtained from two to 
four samples before the start of the experiments (Before) and then were analyzed 6 to 10 times for each animal on different days 
starting at least 1 1 days after the viral infusion (After). The times shown indicate nonactivated PTTs, which for normal dogs arc 
42 to 47 s. The standard deviations arc in parentheses. 




Hjflyre2 . Plasma factor DC concentrations and WBCTs in hemophilia B dog 1 after 
hepatic transduction with the LTR-cFDC retroviral vector. The plasma factor DC 
concentrations were determined immunologically by ELISA and by bioassay. The 
bioassays were performed by a modified one-stage method Liffi iu whioh a . 
kaolinactivatcd canine hemophilia B plasma was used as a substrate, a limiting 
dilution of a normal canine plasma pool was used as reference plasma (11.5 mu 
g/ml), and test plasma* were diluted in a 1 ; 1 0 ratio. The value of 1 1 .5 mu g/ml wa* 
estimated from the ratio of the concentration of normal human factor DC activity (5.0 
mu g/mJ) to the concentration of normal canine factor DC activity. Hemostatic testing 
consisted of a determination of the WBCT (with the two-tube method at 28 degrees 
C with the use of siliconc-coated tubes tilted every 30 a until clotted). (A) Values for 
the antigen concentrations of factor DC arc shown in solid symbols, and the values 
from the bioassay arc shown in open symbols. (B) The WBCTs in dog 1 (solid 
squares), two affected hemophilia B Iittcrmates (open squares), and the range in 
normal dogs (open circles). The days after infusion represent the number of days 
after the first retroviral infusion; day 0 represents measurements from samples 
obtained before any procedural manipulations. 
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rtom^. Plasma factor DC concentrations and WBCTs in hemophilia B dogs 2 and 3 
after hepatic transduction with the LTR-cFDC retroviral vector. The hemostatic 
characterizations were as described Figure 2. (A) The values for the antigen 
concentrations are in solid symbols. Dog 2, squares; dog 3, circles. Values from the 
bioassay are in open symbols. (B) Whole blood clotting times. Dog 2, open squares; 
dog 3 f solid circles. The study on dog 2 terminated on day 42 as multiple 
transfusions were given for hemorrhage. Dog 3 developed a minor bleeding episode 
that required one infusion of normal dog plasma on day 26, which accounts for the 
hiatus in data for days 27 to 36. Previous studies [221 have shown that by 10 days 
after infusion exogenous factor DC is undetectable by bioassay. 



In dog 1, the plasma factor IX increased from undetectable amounts to a range of 2 to 6 
ng/ml; these levels have been maintained constitutively for over 5 months(pigure 2^ and there 
is close agreement between the biologic and immunoassay results. Most importantly, this dog 
had a WBCT of 15 to 20 min during the 5-month period after treatment, whereas the WBCT 
for untreated factor IX-deficient littermates ranged from 45 to 55 min(Figure 2^) A long 
WBCT is characteristic of a dog colony severely decent in factor IX; normal dogs, on the 
other hand, have a WBCT of 6 to 8 min Figure ilL. in vitro addition of normal dog plasma to 
whole blood from hemophilia B dogs to a final concentration of 3 ng/ml reduced the WBCT to 
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3A), whereas dog 3 had slightly f^ B ^^^^^«tn«* values of 44 to 47 
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signified, M^. To ^ 
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factor IX antigen amounts achieved which demonstrates that the 

endogenous concentration of factor IX in norma K tein is sufficient to 
constitutive expression of a relatively Quantity of theft »c P .^.^ ^ ^ 

cause a reduction in the WBCT '^^^'^^^ - * e B ^ 

WBCT is extremely sensitive to changes ^ or ^ C shortened WBCT and factor levels in 
In moderate and mild human J^^^S^ Plough both the frequency and the 
the 3 to 8% range, there is still a risk of h ^°^' 0 f ^ e ^ y affected individuals LAM- For 
severity of episodesare considerably less '^^^^^w^m^^ 
future human applications, however J^J™35d. that lead to greater efficiencies of 
achieved. This may be accomplished by , develop «« » with stronger promoters, 

hepatocyte transduction in vwo and efficacy of « vivo gene therapy 
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Abstract— The rat is an excellent model for gene therapy because there are many rat models for 
human diseases. We have developed a simple dnd efficient method to deliver gents to the rat liver 
using recombinant retroviral vectors. A 70% partial ] hepatectomy followed by retroviral infusion 
into the portal vein results in 10-15% hepatocyte transduction in vivo. ^This is 10 ' times more: 
efficient than in the mouse due partially to the observation that the rat livers have much more 
synchronous hepatocyte replication after partial hepdtectorriy. W retroviral 
ve :tor containing the human a r antitrypsin cDl^persisimi egression of the human protein in 
reapient rat plasma was observed for at least six months and at a level that is 10 times greater than* 
the mouse. Thus, rats can serve as an excellent model for gene therapy of metabolic disorders 
secondary to hepatic deficiencies. . 



W 



INTRODUCTION 

i The rat is an extensively, investigated?" ; 
aidmal, and there are many excellent rat; 
models of human genetic and epigenetic ; 
diseases (1). In order to investigate the; \ 
feasibility of treating some of these disease J 
models using the techniques of somatic cell 
gene transfer, we wanted to develop simple 
and efficient methods for gene therapy in the 
rat. An excellent target organ for gene 
therapy is the liver because it is. a large, 
metabolically active organ ■ and many genetic 
diseases result from mutations in genes 

expressed in the liver (2). Hepatocytes also vascular isolation of the liver, followed by 
have a slow turnover rate (3), and thus perfusion of the liver with retroviral superna- 
genetically modified cells will persist long- , tant (6, 7). Although this is an efficient 
term - method for gene delivery (5-20% of the 

Presently, the best vector for stable hepatocytes were transduced), it is compli- 
lntroduction of genes into somatic cells in cated by the need for extensive and|elabdratev 
a limals is; the recombinant, replication- ; j surgery. !' 

. 0740-7730/93/0900-049i$07 .00/0 c 1993 Plenum Publishing Corporation ; 



defective retrovirus. The retrovirus is attrac- 
tive because - it integrates into the host 
genome and is thus permanent The problem 
with using retroviruses to transduce hepato- 
cytes is that retroviruses require host cell 
\- division for efficient, integration into the 
genome (5). However, in a normal, healthy 
liver, very few hepatocytes are replicating 
r (3). To stimulate hepatocyte replication, 
: several laboratories have repiorted perform- 
ing a 70% partial hepatectdmy on rats. When 
i the remaining hepatdcj(tes divide to regener-. 
ate the liver* they are susceptible to retroviral 
transduction The retrovirus is delivered by 
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Recently, Kay et al. (8) performed a 
70% partial hepatectomy in mice followed by 
infusion of. retrovirus into the portal vein 
without vascular isolation. Using a retrovirus 
encoding the ^-galactosidase gene, this tech- 
nique resulted in 1-2% hepatocyte transduc- 
tion as determined by X-gal staining. They 
also introduced the gene for the secreted 
reporter protein human c^-antitrypsin 
(hAAT) and detected constitutive levels of 
hAAT in mouse serum for more than 200 
days. This method, applied in the rat, 
resulted in 10-15% hepatocyte transduction 
and constitutive expression of the human 
protein at a level 10-fold greaterithan in the 
mouse. 

MATERIALS AND METHODS 

Animals and Partial Hepatectomy. Male 
Lewis rats, 3-4 weeks old were* purchased 
from Harlan, Sprague Dawley; Inc. The 
animals were housed in a vivarium with a 
12-h light-dark cycle with water: and food 
(standard laboratory chow) provided ab 
libitum. The partial hepatectomy was per- 
formed under a general combination anes- 
thetic: ketamine (42.8 mg/ml), xylazine (8.6 
mg/ml), and acepromazine (1:4 mg/ml), 
administered at 0.5-0.7 ml/kg. ;The 70% 
partial hepatectomy involved removal of the. 
median and left lateral lobes and was 
performed according to Higgens and Ander- 
son (9). The skin was then closed with 
autoclip 9-mm wound clips. 

• Retrqvinis Harvest and Preparation. The 
virus-producing cells were cultured at 37°C 
with 5.0% G0 2 in 150-mm tissue culture 
plates with 25 ml of media (high glucose 
D-modified Eagle's media supplemented 
with 10% Hyclone bovine calf serum and 1 
mM glutamine, 100 units /ml penicillin, 100 
jxg/ml streptomycine). When, the cells were 
70-80% confluent, the medium was replaced 
with 15 ml of fresh medium; 18 h later, the 
medium was harvested,, filtered through a 
0.45-jjLm syringe filter, and polybirene was 



added to 8.0 ng/ml. The retroviral metfi 
was infused into animals within 1 
collection. 

Infusion of Retrovirus into Remairii 
Lobes of Liver. At indicated times iafterf 
70% partial hepatectomy, rats were;ane^t 
tized as above and opened through the s. 
incision used for the partial hepdtectq^ 
The portal vein was cannulated with a 2% 
catheter connected to a 10-cc syriiige by 
30-in. extension set. Over the coursejof 20?, 
min, 3.0 ml of retroviral supernatant \yf 
infused using a Sage Instruments! syringe 
pump (model 355); After infusfon, |fi^ 
catheter was removed and pressure 
applied for 10-30 min to control bleedinf 
The abdominal muscle was sutured vt\* 
Chromic Gut and the skin closed wl 
autoclips. ' . 

Isolation and X-Gal Staining of Hepa^^ 
cytes. The technique ipr hepatocyte isolation^ 
is adapted from Berry and Friend (10^'it- 
Briefly, 10 days after retroviral infusion, thefl 
rat was anesthetized- the portai vein wasS 
cannulated- with a 20-G catheter, zmd thcff 
inferior venae cava cut. The. liver was thenJJ; 
perfused with 150 ml of Earle's balanced sa^Tp 
solution without calcium or magnesium^ 
(EBS-) pliis 0.5 mM EGTA, 50 ml of EBSj§g^ 
and finally 150 ml. j of Earle's bufcre|.fl 
solution with calcium,; with 0.3 mg/riil Bo^| 
hringer collagenase and 0.05 mg/ml; Sigma^ 
soybean trypsin inhibitor. All the; abo ; ^^ 
solutions were warmed to 37°C and infused ^ 
at 20 ml/min. Hepatocyte culture con£itioJ||| 
and media were described previously (ll)j^ 
The hepatocytes were - cultured for 15-20^^ 
before X-gal staining, performed as de^| 
scribed previously /Histological X-gal 1 staiif* 
ing of frozen liver, sections was perfo; 
seven days after retroviral infusion arid 
described previously (11). ; 

Generation ofLXlfiAA T Retrovirus. 
hAAT was constructed; by removing the n 
gene and CMV promoter from LNCX b; 
Bell (blunted), Hindltl restriction eh 
digest, and inserting the; hAAT coding re 
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a s a Smal, Hindlll fragment. The LX/hAAT 
construct was then electroporated into 
GPAM-12 packaging cells, and individual 
virus producing colonies were selected and 
screened for retroviral production (retroviral 
supernatant from individual colonies were; 
used to transduce rat embryo fibroblast cell 
3§ line 208F and hAAT • production from the ; 
fibroblasts was assayed). The apparent titer 
of LX/hAAT is at least 2 x 10 6 PFU/ml as 
determined by comparing the amounts of; 
viral RNA in the supernatant from LX/; 
hAAT producing cells to a retrovirus of: 
known titer (data not shown), 

Detection of hAAT in Rat Serum. Rat; 
serum was isolated and the concentration of: 
human a r antitrypsin was determined by an- 
ELISA as described in Kay et al. (8). 

RESULTS 



Recombinant Retroviral Vectors. The am-' 
photropic retrovirus LX/p-Geo (Fig. 1A): 
has been described previously (8). Briefly,: 
p-Geo is a fusion of the E. coli p-galactosi- 
dase gene and the neomycin phosphotransfer- ! 
ase gene. The fusion protein retains both ! 
eizymatic activities. The p-Geo gene is : 
under the transcriptional control of the 
Moloney murine leukemia virus (MMLV) ; 
long terminal repeat (LTR) described by; 
Miller and Rosman (12). The retrovirus is \ 
produced from, the ampho tropic retroviral . 
packaging cell line GPAM-12 and has a titer ; 
of 1 x 10 6 PFU/ml. The LX/hAAT retrovi- : 
rus (Fig. IB) encodes the human a r anti- : 
t.ypsin gene (8). under the transcriptional i 
control of the MMLV-LTR (12). 

In Vivo Retroviral Transduction of Rat . 
Hepatocytes. The MMLV, vectors require a ? 
cell to be dividing in order to integrate into 
the host genome. To stimulate : hepatocyte : : 
replication, a 70% partial hepatectomy can \ 
be performed. Since young rats (3-4 weeks 
old) have, a greater rate of DN A 'synthesis^ 
taan older rats after, partial hepatectomy . I 
(13), their hepatocytes will be more suscep- \ 
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Fig.; 1. Diagrams of the retroviruses used in this study. 
(A) LX/p-Geo, 3-Geo is a fusion gene of the neomycin 
phosphotransferase gene and the p-galactosidase gene. 
p-Geo is under the transcriptional control of the 
Moloney murine leukemia virus (MMLV)iong terminal 
repeat (LTR). The retrovirus also encodes for the 
phosphoglycerol kinase promoter (PGK). (B) LX/ 
hAAT encodes the human arantitrypsin gene under the 
transcriptional control of MMLV LTR; The/arrows 
indicate transcriptional start sites. 



tible to retroviral transduction. A 70% 
partial hepatectomy was thus performed on 3 
to 4-week-old male Lewis rats and 24 h later, 
3 ml of the p-Geo retrovirus was infused into 
the portal vein over the course of 30 min. 
Seven days later, the liver was isolated and 
the frozen section was stained for X-gal. As 
can be seen in Fig.. there, are many cells 
that have stained in the liver infused with the 
P-Geo retrovirus, while no blue cells are 
visible in liver after only a partial hepatec- 
tomy and mock infusion (Fig. 2B). It is 
known that the amphotropic retrovirus can 
transduce vascular endothelial cells in vivo 
(4). However, of the sections we inspected, 
transduction was limited to cells with hepato- 
cyte morphology (Fig. 2A), The blue cells are 
relatively evenly dispersed in the liver paren- 
chyma, although some- appeared : in groups 
and rows, perhaps indicating limited division 
of hepatocytes following transduction. 

Time Course for 'Optimal Retroviral Trans- 
duction of Rat Hepatocytes In Vivo. ; To deter- 



Fig. 2o In vivo transduction of rat hepato-^~ ; of 
Vcytes with LX/0-Geo retrovirus. A! 70%^ ^ e 
. partial . hepatectomy i'was performed on 3 l f?>^^ v - 
4-week old rats; 24 h later, either (A) 3.0 vn 
of LX/p-Geo retrovirus or (B) 3.0 ml pfe|gi 
medium was infused into the portal ivein^^ 
. Seven - days later, the liver was . isolategji 
frozen; sectioned, and stained with v-fcijH 
and .counterstained jwith- nuclear -fast] rc3j 
Pictures represent sections from orie 
three rats : infused with $-Geo, and ontWt 
one mock , infused. ;BIue cells were lonjH 
detected in the live* sections infused jwitW 
LX/p.-Geo retrovirus: ■ ! - 
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mine when to infuse retrovirus after partial 
hepatectomy for optimal transduction of rat 
hepatocytes, retrovirus was infused into rats 
at 0, 12, 18, 24, and 36 h after partial 
hepatectomy. In order to better quantitate 
the transduction efficiency and to ensure th& \ 
blue cells were hepatocytes, we isolated and 
cultured the hepatocytes under conditions' 
that selected for the growth of hepatocytes. ; 
Ten days after retroviral infusion, hepato- 
cytes were isolated by collagenase perfusion ' 
and . cultured overnight as described in ; 
Materials and Methods. Even if cell division 
occurs, the percentage of blue cells should 
not change, unless transduction affects hepa- • 
tocyte growth. Twelve hours after X-gal = 
staining, the percent transduction was calcu- ; 
lated by scanning random fields at 400 X ; 
magnification and counting the number of | 
blue cells and the total number of cells (at ; ; 
least 700). The optimal time for retroviral 
infusion appears to be 24 h after partial / 
hepatectomy, at which time, 10-15% of the • 
hepatocytes were transduced (Fig. 3). 

Retroviral Transduction Efficiency of Rat 
and Mouse Hepatocytes In Vitro. Kayet al. (8) 
reported that using this in vivo retroviral ; 
transduction method in the mouse, they 
achieved a hepatocyte transduction effi- 
ciency of 1-2%, while we observed a 10-15% 
transduction efficiency in the rat.. The 10-fold 
difference in transduction efficiency is not 
due to inherent differences in susceptibilities 
to infection by amphotropic retrovirus, since 
rat and mouse hepatocytes are transduced 
20-25%. with an amphotropic retrovirus in 
culture (14, 15, and Dr. M. Kay,> personal 
communication). Thus both the rat and 
mouse hepatocytes are equally susceptible to 
amphotropic retroviral transduction. 

Histological Study of Regenerating Liver 
of Rat and Mouse. Since both rat and mouse 
hepatocytes are equally susceptible to retro- 
viral transduction in vitro, we investigated 
the regenerating livers of rats and mice. 
F erhaps, if the rat has a more vigorous 
hepatocyte replication response after partial 
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Hours After Partial Hepatectomy 

Fig. 3. Time course for in vivo infection of rat hepato- 
cytes. The 70% partial hepatectomies were performed 
on 3 to 4-week-oId male Lewis rats. Then at time 0 h 
.(N = 2), 12 h (N = 5), 18 h (V = 1), 24 h (N. = 5), 30 h. 
(N = 4) or 36 h (N = 3) after partial hepatectomy, 3.0 
ml of retroviral supernatant was infused into the portal 
vein. Seven to 10 days after transduction,: the hepato- 
cytes were isolated, cultured for .18 h; and stained with 
X-gal. Plates, of hepatocytes were scanned at 400x 
magnification and random fields were counted for the 
number of blue cells and the total number of cells. At 
least 700 cells were counted per time point.; Bars repre- 
sent mean and standard deviation. Range at 24 h is 
8.6-16.7%. 



• hepatectomy than the mouse, it would 
i explain the difference in transduction effi- 
ciency. The 70% partial; hepatectomies were 
performed on rats and mice, and the remain- 
ling liver lobes were isolated at times when in 
Vivo retroviral transduction is -knoyvh to be 
joptimal (24 h for the : rat and 48 h for the 
rnouse). Random fields were scanned at 
;400x magnification arid the number of 
•mitotic figures and the total numbei* of cells, 
was determined. The mitotic index is the 
number of mitotic figures per 1000 cells (3). 
The rat liver had a mitotic index^ of 84.8* 
while the mouse liver had a mitotic lindex of 
24.6. In both animals, the mitotic figures did 
hot appear localized ih any region of- the liver 
(i.e., periportal). \ 

Expression of Human ^-Antitrypsin in 
Transduced Rat Hepatocytes, In Order to 
£tudy the expression of refrovirally transduced 
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Days post in vivo transduction 

Fig. 4. Detection, of human cl\ -antitrypsin in the serum 
- of rats (closed squares) and mice (open squares) after in 
vivo transduction of hepatocytes with LX/hAAT retrovi- 
rus. The 70% partial hepatectomies were performed on 
mice and rats. The rats were infused 24 h later with 3.0 
ml of supernatant containing the LX/hAAT retrovirus, 
while the mice were infused at 48 h with 1.0 ml of 
supernatant. Serum samples were collected from the 
animals at the indicated times and assayed for hAAT. 
The grarjh represents the mean ± standard deviation for 
N = 4 (mouse) and N = 7 (rat). 



genes long-term, we transduced ;xat hepato- 
cytes with a retrovirus encoding the gene for 
human ai-antitrypsin (hAAT). hAAT was 
chosen because, being a secretedlprotein, its 
presence can be detected easily in the serum 
of the animal, and expression can be moni- 
tored long-term in each animal; 1 hAAT has 
also.been shown not to elicit an immunologi- 
cal response in dogs and mice when ex- 
pressed from hepatocytes, but; ! it can be 
detected and quantitated by an ELISA assay. 
A 70% partial hepatectomy wasiperformed 
on rats, followed 24 h later by infusion of 3 ml 
of supernatant containing the LX/hAAT 
retrovirus. As can be seen in Fig. 4, hAAT 
can be detected, in the rat serum ;seven days 
after retroviral transduction. T§e average 
levels reached 2000 ng/ml within a week 
after viral infusion and remained; steady for 
at least 120 days. No hAAT j was ever 
detected in the serum of rats transduced with 
a control retroviral vector (data riot c ^^wn); 
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Mouse hepatocytes were also tra 
duced in vivo with the same retrovirus urid 
optimal conditions,; and the presence 
hAAT w'4'S monitored in their serum 
levels in the mouse have also 
steady for 40 days of monitoring. As caring 
seen in Fig. 4, the average level of hAAT^p 
the mouse of about 100-200 ng/ml is 10-fbl(f 
lower that in the rat. This observation isj^ 
agreement with the results from the p-|^ 
staining showing that hepatocyte transduce© 
tion in the rat is; 10-fold higher than in tfi^| 
mouse. ' t i|t|;f 

DISCUSSION .#• 

A 70% partial hepatectomy followed by/ 
infusion of retrovirus into the portal vein , 
results in 1-2% hepatocyte transduction in 
the mouse (8), while in the rat, the same 
technique achieves 10-15% hepatocyte trans- : 
duction. This difference is not j due to 
differences in susceptibilities to retroviral 
transduction since both rat and; mouse 
hepatocytes are equally transduced by ampho- 
tropic retrovirus in vitro. The difference is 
also not due to a greater number ;of virus 
particles being infused into the rat since we 
infused 3.0 mlinto a 50-g rat (or|6 x 10 4 
PFU/g body weight) while Kay et al. (8)> 
infused 8 x 10 4 PFU/g into the mouse. The 
difference may be due, in part, to jthe fact 
that at the time for optimum transduction by 
retrovirus, the rat liver has a three to fourfold :. 
higher mitotic index than the mouse.; ' 

The percentage of transduced ;cells by 
our method; -(10-15%) is comparable to that , 
achieved using the vascular isolation jmethc^y 
(5-20%) of Ferry et al; (6) and 16% by RozgC 
et aL (7): A critical difference is that whilg^ 
the other groups' methods require ver^... 
intricate surgical procedures to vascularlyj 
isolate the liver before infusion of retrovirus 
into the portal veih, our methcjd only, 
requires infusion of the retrovirus into 
portal vein. j&r. 

To study the expression of transduC ^J 
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long-term, we used the secreted marker 
protein human a r antitrypsin (hAAT). Using 
hAAT as a marker, one can study both the 
level of expression and changes in expression 
levels in one animal. This is superior to 
transducing several animals and sacrificing 
them at different times to determine percent- 
age of cells still expressing the gene of : 
interest, since one then introduces variability 
between animals. The amounts of hAAT 
being expressed varied from animal to 
a ni3nal. The levels ranged from 200 ng/ml to 
4000 ng/ml. The levels of hAAT appear to be 
steady for at least six months. With respect to 
hAAT production, the mice produced up to 
100-200 ng/ml of hAAT, while the rats 
averaged 2000 ng/ml. This is the expected 
result since 10- fold more hepatocytes are 
shown to be transduced by X-gal staining in 
the rat than in the mouse. 

The focus of this study was to develop a 
simple and efficient method to deliver genes 
to the rat liver using recombinant retroviral 
vectors. We determined that a 70% partial 
hepatectorny followed 24 h later by infusion 
of 3 ml of retrovirus into the portal vein 
results in 10-15% hepatocyte transduction. 
Genes introduced in this manner are also 
expressed for at least six months. These 
results suggest that the rat is an excellent 
model for hepatic gene therapy of metabolic 
disorders. 
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Erratum 



The name of one of the authors was inadvertently omitted by the authors from the paper, 
"Hepatic Gene Therapy: Efficient Retroviral Mediated Gene Transfer into Rat Hepatocytes 
In Vivo," Vol. 19, No. 5, i993, pp. 491-497. The listing of authors should read Tadeusz Mi 
Kolodka, Milton Finegold, Mark A. Kay, and Savio L.C. Woo. 
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1 release polymer such as ethylene vinyl acetate or cellu- 
lose discs (reviewed in Ref. 22) and implanting the sub- 
's stances in the cornea of an animal's eye (35, 36) or . by 
! placing these substances on the chorioallantoic mem- 
' brane of the chick embryo (37) and observing the sprout- 
ing of new vessels toward the pellet Alginate-encapsu- 
lated tumor cells (38, 39) and gelatin-impregnated 
sponges (40) (Gelfoam, Upjohn, Kalamazoo, Michigan) 
have also been used as angiogenesis inducers. In the 
alginate tumor cell model, hemoglobin content was used 
to quantitate angiogenesis. In addition, several in vitro 
models have been used to examine the progression of 
angiogenesis including the sprouting, attachment, migra- 
tion, invasion, and morphological differentiation of endo- 
thelial cells (8, 12, 41-44). 

Here we report on a simple, rapid, and quantitative 
assay to assess inducers as well as inhibitors of angiogen- 
1 jsis. In brief, we inject a solution a basement membrane 
J iroteins supplemented with FGF and heparin subcuta- 
neously in a mouse where it forms a gel. Sprouts from 
vessels in the adjacent tissue penetrate into the gel within 
days, connecting it with the external vasculature. Angi- 
ogenesis was quantitated by image analysis of vessels 
and by measuring the hemoglobin present in the vessels 
within the gel. This assay will facilitate the testing of 
both angiogenic and angiostatic agents in vivo and may 
allow isolation of the endothelial cells responding to the 
l angiogenic factors for further studies in vitro. 

j EXPERIMENTAL DESIGN 

Preparation of Angiogenic Factors and 
f?| Vehicle 

i J Liquid Matrigel maintained at 4*C was used as a 
vehicle to inject angiogenic factors subcutaneously into 
C67/BL mice. Various components were mixed with 
liquid Matrigel at 4°C which, when injected into a mouse, 
formed a single, readily recovered get Such gels were 
removed at various times and processed for histology, 
' jtotal protein, and hemoglobin content, 
j Matrigel, an extract of murine basement membrane 
proteins consisting predominantly of laminin, collagen 
IV, heparan sulfate, proteoglycan, and nidogen/entactin 
was prepared as a sterile solution as previously described 
„ i45). Heparin was dissolved in sterile phosphate-buffered 
saline (PBS) to 16,000 units/ml Further dilutions were 
r pade with sterile filtered PBS containing 1 mg bovine 
\ serum albumin/ml aFGF (HBGF-1) (R & D, Minneap- 
olis, Minnesota) ^was diluted to 0.25 /tig/ml with PBS/ 
bovine serum albumin. Various amounts of heparin and/ 
pr FGF were mixed with 0.5-1.0 ml of Matrigel at 4°C in 
proportions not exceeding 1% of the volume of Matrigel 
co be injected. In some cases, other factors were included 
as noted. 



INJECTION AND PROCESSING OF GELS 



C57BL mice (five per data point) were each injected 
y \bcutaneously with 0.5 ml Matrigel and 0-100 ng aFGF/ 
[.« and 0-64 units heparin/ml near the abdominal mid- 
Jne using a 25-gauge needle. The injected Matrigel rap- 
idly formed a single, solid gel that persisted for at least 
T ,0 days in the mice, Mice were subsequently killed, and 



gels were recovered and processed for further studies. 
Typically, the overlying skin was removed, and gels were 
cut out by retaining the peritoneal lining for support. 
For most histological sections, the skin and underlying 
peritoneum were Formalin-fixed immediately after dis- 
section. 

Quantitation of Neovessels 

Hemoglobin was measured using the Drabkin method 
(46) and Drabkin reagent kit 525 (Sigma, St Louis, 
Missouri). Samples for each point were from five differ* 
ent mice. The concentration of hemoglobin was calcu- 
lated from a known amount of hemoglobin assayed in 
parallel. Protein content of the supernatant fluid was 
determined using the BioRad protein assay method (47). 
The Optomax image analysis system (Optomax, Hollis, 
New Hampshire) was used for quantitation of histologi- 
cal specimens by light microscopy (see "Methods"). 

RESULTS AND DISCUSSION 

Matrigel as a Vehicle for Angiogenic 
Factors 

In. developing a more reproducible and quantitative 
angiogenic model, we utilized FGFs that are proven and 
potent inducers of neovascularization. When injected 
alone subcutaneously into mice, neither aFGF nor bFGF 
induced any visible signs of neovessel formation (data 
not shown). This is not unexpected since the factors 
would be expected to be rapidly cleared from the site. 
We tested Matrigel, a solution of basement membrane 
proteins isolated from the Engelbreth-Holm-Swarm tu- 
mor, as a vehicle for the slow release of angiogenic factors 
since it is a liquid at 4°C but forms a gel in vivo. Indeed, 
our studies showed that the gels which formed after 
subcutaneous 'injection of Matrigel alone were readily 
distinguished from surrounding tissue, persisted for at 
least 10 days, and produced little or no local reaction or 
angiogenic response (Fig. LA), 

Matrigel supplemented with FGF alone produced 
gels that showed a variable angiogenic reaction (data not 
shown). Magnitude of the angiogenic response was con- 
siderably greater in gels supplemented with both FGF 
and heparin (Fig. IB and C). Subcutaneous injection of 
Matrigel plus aFGF and heparin at the ventral midline 
achieved optimal and reproducible responses, whereas 
material injected either anteriorly or posteriorly to the 
midline resulted in less consistent responses. Auerbach 
et al (48) found similar regional differences in tumor 
growth that might also be related to the capacity for 
vascularization at these sites. Dorsal injections also in- 
duced consistent responses, but the abdominal location 
was used almost exclusively in this study. Gels could be 
recovered intact by dissection of the underlying perito- 
neum (Fig. 2). The tissue in contact with the FGF- and 
heparin-supplemented gels contained abundant and 
readily visible blood vessels (Fig. 2). Large neovessels 
were also present on the surface (Fig. 3A, B) t whereas 
small, tortuous vessels were observed within the gel (Fig. 
3C). The effect of age of the animal on the angiogenic 
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Fig. I. Appearance of Mairigel gels on day 4 (A) or Matrigel 
supplemented with 1 ng/ml FGF and 40 unite/ml heparin on day 1(B) 
or day 4 (C) after subcutaneous injection. Overlying skin was removed 
to expose gels. Note that surface of gels as well as overlying skin flaps 



contain many vessels. Bleeding seen here was also seen with some 
Matrigel/FGF and Matrigel/heparin injections, but these produced 
little or no vessel infiltration and was <10% of the amount of hemoglo- 
bin found in Matrigel/FGF/heparin gels at 4 days (see also Table 1). 
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32 U/ml 
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Fig. 2. Appearance of Matrigel gel recovered after 4 days in vivo: 
angiogenic response as a function of heparin concentration. Mice were 
injected with Matrigel and aFGF as in Figure 1C but with various 
heparin doses. After killing animals* skin was removed, and gels were 

response showed that vessel formation was reduced in 
young (6 month) animals compared with older mice (12, 
18, or 24 months of age) where the response was typically 
twice as strong. 



cut out with intact peritoneal lining for support and placed on tissue 
culture dishes for photography. Each gel was between 0.S and 1.4 cm 
long. Heparin dependence of response is apparent (see also Table 1), 



Histology and Endothelial Cell Staining 

Sections examined with the Trichrome-Masson stain 
(Fig. 4) showed that cells invaded the gel within 24 hours 
and persisted for up to 8 days with a progressive increase 
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FlG. 3. Appearance of vessels associated with FGF/heparin- supple- 
mented gels. Vessels surrounding gel appear to derive from peritoneal 
, ,: -\ing (A) and skin {B). Arrows, regions in injected gel that contain 
i rtuoua neovessels derived from ramified pre-existing vessels. Small 
! jtuous tubes are also prevalent inside gel (C, arrows) that appears 
atypical. 



L 1 l ne ^ r structures containing red blood cells which was 
indicative of functional vessels. Sections of the gel were 
reacted with antibody to factor VIII antigen (von Wille- 
I and factor) to confirm the presence of endothelial cells 
V association with the vessels. The presence of capillary- 
sized vessels in the gel was apparent at 72 hours (Fig. 5). 



These neovessels were also apparent by 48 hours (not 
shown) and are smaller than other factor VIII positive 
structures (pre-existing vessels) on the periphery of the 
Matrigel (Fig. 5, arrowheads). Neovascularization was 
not observed at 24 hours, although inflammatory cells 
were observed in the region between the Matrigel and 
skeletal muscle. 



Quantitation of FGF-induced Angiogenesis 

The increase in vessels in the gels, based on specific 
von Willebrand factor stain as quantitated by an image 
analysis system (Fig. 6), was similar to the increase in 
cells (hematoxylin/eosin and trichrome stain). Measure- 
ment of hemoglobin content indicated formation of a 
functional vasculature at the site of angiogenesis. As 
judged by hemoglobin content, the angiogenic response 
to FGF was time dependent, clearly visible by days 1-2, 
reached a plateau by days 3-4, and persisted through day 
8 (Fig. 6, lower panel) occurring with similar kinetics as 
observed for the accumulation of neovessels (Fig. 6, upper 
and middle panels). 

In the presence of heparin (64 units/ml), the maximal 
angiogenic response occurred at 1 ng/ml aFGF (Table 1) 
followed by a decrease and then a subsequent increase at 
higher levels of FGF. These data are consistent with the 
down-regulation of FGF receptors in the presence of 
higher levels of the growth factor (57). In some experi- 
ments, higher doses of FGF were used (125 and 250 ng 
FGF/ml), and these showed responses similar to those 
observed at 100 ng/mL In contrast, heparin induced a 
linear increase in angiogenesis in the presence of 1 ng/ 
ml FGF (Table 1). The lowest concentration of heparin 
that resulted in consistent vascularization of the gels was 
40 units/ml At this concentration of heparin, the FGF 
response was also biphasic with an optimum again at 1 
ng/ml (data not shown). The amount of aFGF (0.5 ng) 
required for an angiogenic response in these assays is 
similar to the levels of FGF necessary for endothelial cell 
growth in culture (49, 50) and to the levels required to 
elicit an angiogenic response in the chick allantoic mem- 
brane (10). Our results suggest that the angiogenic re- 
sponse induced by heparin and aFGF occurs at physio- 
logically relevant doses of FGF observed previously using 
other assays and other angiogenic factors. 

Inhibitors and Activators of 
Neovascularization 

We tested several cytokines for angiogenic activity in 
this assay in the presence of heparin to determine 
whether the assay was comparable to other established 
angiogenesis assays (Table 2). Of the various factors 
tested, aFGF, bFGF, and TNF-a induced an angiogenic 
response (Table 2), consistent with previous reports on 
these factors (1, 11, 51) wh reas TGF/3, PDGF, interleu- 
kin (IL)-l, and IL-6 were inactive. 

We also assessed the angiostatic activity of certain 
cytokines when included with aFGF (Table 3). IL-10, IL- 
6 (52) , and TGF/3 inhibited the angiogenic response to 
aFGF. The TGF/5 dose response showed inhibition at 
concentrations as low as 0,2 ng/ml. PDGF BB was also . 
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Fic. 4. Histological analysis of recovered gels: course of vessel for- 
mation. Samples were prepared for histology as described in "Methods* 
at. different times after injection of Matrigel containing FGF and 
neparm. Tnchrome-Masson stained specimens show the progressive 
™ s J° n of ce 13 i« to ^e Matrigel (MG) over 6, 24, 48, and 96 hours 
(top four panels; Mag - *125). By 7 days, there is more organization 



of the celbj into linear structures. At higher magnification (X60O; middle 
panel, 7 day), the connective eepta within the Matrigel exhibits large 
blood vessels from which an extension of a vessel into the Matrigel is 
evident {two arrows). At S days, many vessels within the Matrigel are 
well formed exhibiting a clear endothelium (End). 
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Fig-, 5. Factor VIU staining of neo- 
vessels.' Gels recovered after 1 , 3, 4, and 
7 days were stained with von Willebrand 
factor antibody as described in M Meth- 
odti- n Presence of neo vessels {arrows) in 
Matrigel (MG) layer can be distin- 
guished from existing vessels (arrow* 
heads) near skeletal muscle (SM) and 
collagen (C) interface. Small vessels (72 
hours), horizontally coursing structures 
(96 hours), and ramifying blood vessels 
(7 days) are noted- Vacuoles (v); X40. 
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a potent inhibitor probably acting indirectly since endo- 
thelial cells do not express a receptor for this factor (53). 

TIMP, a collagenase inhibitor (21), is also found in 
cartilage (22) where it may maintain cartilaginous tissue 
I in an avascular state by inhibiting endothelial cell mi- 
gration (22). Addition of recombinant 0.5 mg/ml TIMP 
J in the Matrigel/heparin/FGF mixtures showed essen- 
tially complete inhibition of neovascularization at day 3 
] as measured both by hemoglobin content (Fig. 7) and by 
j examination of the gel for infiltrating vessels (not 
shown). These observations are consistent with the 
known role of metalloproteases in the invasion of endo- 
j thelial cells through basement membrane (43) and for 
J the role of metalloproteases in angiogenesis (22). 

DISCUSSION 

We have developed a quantitative angiogenesis assay 
based on the ability of an extract of basement membrane 
proteins (Matrigel) to form a solid gel when injected into 
mice and to support a rapid and intense angiogenic 
reaction in the presence of FGF and heparin. Matrigel, 
while stimulating cell attachment and morphogenesis 
when used as a substratum in tissue culture, does not 
induce an angiogenic response in vivo alone. Matrigel 
has been found to promote the differentiation of endo^ 
thelial cells into capillary-like structures in culture (12, 
41) and when used as a vehicle in vivo may enhance the 
selectivity of endothelial cells entering the gel since 



basement membranes are not readily crossed by fibro- 
blasts and certain other cells. 

Gels supplemented with FGF and heparin induced 
intense vascularization. Numerous large vessels were 
apparent on the surface of the gel, whereas vessels within 
the gel were smaller and more tortuous. Vessel formation 
was quantitated by measuring the hemoglobin present in 
the dissected gels and confirmed by histological staining 
for von Willebrand factor and with Trichrome-Masson 
staini Vessel formation was apparent as early as 2 days, 
reached a plateau after 4 days, and persisted up to 8 
days. Maximal and consistent responses required both 
FGF and heparin, and distinct concentrations of each 
factor were required for optimal responses. The site of 
injection and age of the animal affected magnitude of the 
response. 

The correlation of. hemoglobin content with vessel 
formation was previously described using alginate-en- 
trapped tumor cells to elicit angiogenesis in vivo. Factor 
VIH-stainable vessels were found to correlate with he- 
moglobin content and pooling of radiolabeled red blood 
cells at the alginate injection site (38). The requirement 
for heparin with FGF in angiogenesis assays (54) and 
fibroblast growth and differentiation (55, 56) appears to 
be due to both a stabilization of FGF and conformational 
changes in FGF required for receptor binding (57). Hep- 
arin also enhances the angiogenic activity of factors 
produced by 3T3 adipocytes (58), recently shown to be 
mediated by monobutyrin (16). In our assays, aFGF was 
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Fig. 6. Quantitation of neovascularization. Histological slides were 
examined with an Op to max image analysis system, and mean area in 
h 20 x or 40 x field was quantitated for slides stained with von Wills - 
brand factor antibody (vWF) or Trichrome-Masson stain (Trichroroe). 
Each point represents mean area per field (xlO B >im 2 ) of 10-20 fields, 
and error bars are for standard deviation from mean- Hemoglobin 
measurements at these time points were determined as described in 
-Methods" and Table 1. Data represent the mean hemoglobin values 
from at least five mice per point with SEM as indicated. 



potent at concentrations reported previously to be effec- 
tive in both in vivo and in vitro assays. The course of the 
response was also comparable to results obtained with 
FGF in other assays and similar to that reported for 
other angiogenic agents, like angiotropin (17). Heparin 
was required for angiogenesis in our assey even though 
heparan sulfate is present in the Matrigel possibly be- 
cause the amount of heparan sulfate in the Matrigel is 
relatively low compared with normal basement mem- 
brane (59) and since FGF remains bound to heparan 
sulf^e proteoglycan until released by enzymes (60). Not 
unexpectedly, the angiogenic response to FGF occurred 
more rapidly than the response observed with alginate- 



Table i. acidic FGF Demonstrates A Bjphasic Angiogenic 
R esponse That Is Enhanced by Heparin 

Hemoglobin* 





g/dl 


aFGF (ng/ml) fl 




0 


0.28 * 0.36 


0.1 


1.00 ± 0.45 


L0 


3.20 ± 2.20 


10 


0.23 ±0.15 < 


100 


0.94 ± 1.18 


Heparin (uniu>/ml) f 




2.0 




6.0 


0.04-0.03 


20 


0.15 ± 0.20. 




' 0.16 ± 0.49 


40" 


0.69 ± 0.60 . 


64 


2,72 ± 1 .00 



days after injection. 

* Values (±se) are averages of at least five animals. 

' Mattel contained FGF at 1 ng/ml for each experiment. 

" ND, Not detectable. 

'Heparin at 40 units/ml was the lowest concentration to yield 
consistent vessel formation. 



Table 2. Detection or 1 angiogenic activity Using Various 
Neovascularization Factors 



Factors Added to Matrigel + 
Heparin 



Hemoglobin 





g/dl 


None 


0.10±0.02 


aFGF (1 ng/ml) 


1.30 ±0.07" 


TGF0 (20 ng/ml) 


006*0.02 


PDGFBB 




2 ng/ml 


0.10 ± 0.06 


- 20 ng/ml 


0.15 ± 0.08 


200 ng/ml 


0.07 ± 0.03 


PDGF AB (5 units/ml) 


0.11 ± 0.04 


IL-1/3 (I ng/ml) 


0.22 ±0.02 


IL-6 (10 ng/ml) 


0.18 ± 0.05 


bFGF 




1.0 ng/ml 


0.14 ± 0.13 


10 ng/ml 


0.20 ± 0.1T 


100 ng/ml 


0.86 ± 0.70 


TNFa (10 ng/ml) 


2.30 ± 2.00- 



Matrigel (0.5 ml) and heparin (40 unite/ml) were mixed with various 
factors and injected subcutaneously. Responses were quantitated 4 days 
later- TGF-0, PDGF BB, IL-6, IL-10, or PDGF AB did not induce 
neovascularization. 

• Acidic FGF, basic FGF, or TNF-cr were potent inducers of angio- 
genesis. 

encapsulated tumor cells (38), which presumably require 
some time to generate their own factor(s). A related 
angiogenic factor, vascular permeability factor (13), has 
been shown to induce vascular permeability in vivo at 8 
ng/animal and is active between 0.1 and 2 ng/ml as a 
mitogen for endothelial cells in vitro. In addition, th 
vascular permeability factor induces angiogenesis in the 
rat corneal assay at 20 ng (13). An unrelated chemical 
inducer of angiogenesis, monobutyrin (16), has been 
shown to be angiogenic in the chorioallantoic membrane 
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Table 3. Inhibition or Angiogenesis by PDCF, IL-10. IL-6, 
and TGF-0 



Tflciorfl Added w Matrigel • 
Heparin + aFGF ' 



Hemoglobin 



None 

TNFo (10 ng/m!) 
TGF0 

0.02 (ng/ml) 

0.2 (ng/ml) 

2.0 (ng/ml) 
20 (ng/ml) 
PDGFBB (200 ng/ml) 
IL-lpI (1 ng/ml) 
IL-6 (10 ng/ml) 



1.30 ± 0.07 
UOdfc 1.10 

1.70 ± 1.50 
0.0S ± 0.05 
0.15 ± 0.13 
0.24 £ 0,25 
0.16 ± 0.07 
0.14 ± 0.10 
0.17 ±0.12 



Gels contained aFGF (1 ng/ml) + heparin (40 units/ml) and various 
cytokines. Hemoglobin levels in the gels are shown after 4 days. TNFcv 
and TGF-0 had no effect on the angiogenic response. PDGF BB, IL- 
10, IL-6, and TGF-/9 inhibited the response. 



Angiogenesis: TIMP 

(1 ng FGF/ml; 64 U Hep/ml) 



3.0 



* 



2.0 



1.0 



Lt 





Day 

Fig. 7. Inhibition by TIMP: TIMP (coliagenaae inhibitor) is a 
potent inhibitor of aFGF-induced angiogenesis. Recombinant TIMP 
protein (0.6 rog/ml) was included with Matrigel (0.5 ml). FGF (1 ng/ 
ml), and heparin (64 units/ml) at injection (Hatched bars). Gela from 
at least five animals per point were analyzed after day i or 3- Shown 
for comparison are hemoglobin levels in gela that contained Matrigel, 
FGF, and heparin but lacked TIMP (solid bar 9 ). 



assay at 20 pg (0.14 prnol), whereas aFGF in our assays 
is active at 0.025 pmol. 

Other cytokines were tested in this assay including 1L- 
1/?, IL-6, and TGF-0 and these were found to be potent 
inhibitors. IL-6 enhances production of TIMP (61), 
which may inhibit collagenase and endothelial cell mi- 
gration (62). TGF/3 inhibits endothelial cell proliferation 
and migration (63), although it exhibits angiogenesis in 
vivo in some assays (64). We have measured the content 
of TGF0 in the Matrigel to be 8-14 ng/ml dependent on 
batch. However, all TGF0 is in the latent form, and we 
cannot detect any active TGF0 in the preparations using 
the CCL64 mink lung epithelial cell bioassay that meas- 
ures inhibition of proliferation of CCL64 cells by active 
TGF/3. Therefore the observed results with exogenous 
TGF/i (active form) reflect activity of the added factor. 
IL-1 has been shown to regulate endothelial cell growth 
via autocrine mechanisms (65) that may lead to pro- 
grammed cell death (apoptosia) as is observed in endo- 
thelial cells deprived of FGF (66), TNF-cr and bFGF 
induced neovessel formation. TNFa has been shown to 
activate macrophages (51) that in turn produce angi- 
ogenic factors. 

In summary, the advantages of the assay presented 
here are that it is rapid, reproducible, quantitative, and 
doe9 not require a surgical procedure for implantation. 
It allows detection of both angiogenic and anti-angi- 
ogenic factors and may allow isolation of those endothe- 
lial cells that penetrate into the gel. We have also used 
this system to assess the capacity of mice of different 
ages to initiate an angiogenic response, and this type of 
study would be of interest in both hypertensive and 
diabetic mice. Such systems may be useful in identifying 
and isolating biological factors and drugs able to regulate 
angiogenesis. In addition, the potential exists to induce 
an additional vascular supply in wounded or ischemic 
tissue where it is needed to restore normal healing and 
regeneration. 

METHODS 
Animals, Cells, and Growth Factors 

Female C57B1/6 mice (Jackson Laboratories, Bar Harbor, 
Maine) were used at 6-8 weeks of age. Heparin was obtained 
from Gibco/Bethesda Research Laboratories. Bovine aFGF 
(HBGF I) bFGF (HBGF II) and TGF-/9 isolated from human 
platelets were from R&D Systems. Recombinant TNF-a was 
a generous gift from Dr. John Isaacs (Johns Hopkins Univer- 
sity) and was originally obtained from Cetus Corporation. 
PDGF and recombinant IL-6, were from Collaborative Re- 
search (Bedford, Massachusetts). IL-1 was a kind gift from Dr. 
Nigel Waite at Upjohn. TIMP was a gift from Dr, David 
Carmichael (Synergen, Boulder, Colorado). CCL64 mink lung 
epithelial cells were obtained from American Type Culture 
Collection (Rockviile, Maryland). 

Preparation of Basement Membrane Mixtures 

Reconstituted basement membrane (Matrigel) was prepared 
from the Engelbreth-Holm-Swarm tumor as described (45), 
sterilized by dialysis against chloroform, and stored at -20°C. 
Before use, Matrigel was thawed at 4*C and placed immediately 
on ice before addition of aFGF, heparin, or other growth factors. 
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Matrigel prepared by standard methods consists of 5-10 mg 
protein/ml and yields reproducible results in the an^iogenesis 
assay. The commercial source of heparin (Gibco/Bethesda Re- 
search Laboratories) is critical and only batches yielding con- 
sistent results were used, 

Histology and Factor VIH Related Antigen 
Staining 

AH specimens were fixed in 10% buffered Formalin for at 
least 24 hours, progressively dehydrated in increasing percent- 
ages of ethyl alcohol (70, BO, 95. 100. 100, and 100%), cleared 
in Histoclear, embedded in paraffin under vacuum, sectioned 
at 5 thickness, deparaffinized, and stained with Harris 
hematoxylin and'eosin (67). 

Selected specimens were also stained for Factor VILI-related 
antigen using an immunoperoxidase method (68) or Trichrome- 
Masson (69). Briefly, 5-Mm sections were placed on silanteed 
slides, dried overnight at 64°C, deparaffinized, hydrated. and 
placed into Z% hydrogen peroxide to quench endogenous per- 
oxide. After rinsing in deionized water, the slides were enzy- 
matically treated with 0.05% Pronase (Calbiochem, San Diego, 
California) in PBS with 0.114% EDTA at 37"C for 20 minutes- 
Enzyme activity was then abolished with 95% ethanol for 5 
minutes. After PBS rinsing, rabbit anti-human von Willebrand 
Factor antibody (Dako, Carpinteria, California) diluted 1:1000 
in 0.06% nonfat dry milk in PBS was applied to the slides that 
were placed in a humidity chamber overnight at 4°C. After 
rinsing in PBS the next morning, test slides were incubated at 
room temperature for 20 minutes in biotinylated antirabbit IgG 
(Vector, Burlingame, California) diluted 1:1000 in PBS with 

0. 5% nonfat dry milk. Nonimmune goat serum (5% v/v) was 
added to block nonspecific staining. Slides were then rinsed in 
three changes of PBS, incubated for 20 minutes in horseradish 
peroxidase conjugated streptavidin ( Jackeon ImmunoResearch, 
West Grove, Pennsylvania), diluted 1:1500 in PBS with 0.5% 
nonfat dry milk, rinsed in tap water, dried, mounted in Crystal 
Mount, dried at 80 'C for 20 minute6, and coverslipped with 
Perxnount. 

Image Analysis and Neovessel Quantitation 

To measure the total area of neovessele, a computerized 
digitalyzer, the Optomax image analysis system (Optomax), 
was used. This system consists of a high sensitivity CCTV 
camera mounted on a Nikon Optiphot-2 microscope. The image 
is displayed on a color video monitor that is interfaced with a 
microprocessor. Histological slides stained with von Willebrand 
factor antibody or Trichrome-Masson stain were examined by 
adjusting the color contrast to enhance the specifically stained 
vessels. The mean area per field (Xl0 6 ^m 1 ) from 10-20 fields 
(20x or 40x) was calculated with standard deviation from the 
mean. The vascularized area to be measured was chosen for its 
proximity to the skeletal muscle/collagen interface from which 
the neovessels originated before entering the Matrigel. 
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INTRODUCnON 

rhcchwigallanroic membrane (CAM) ur ihu eni-'k 
embryo lt;i* been inrroili iciiU,by Folkman (13) and Ilia 
coltaipm'* U> the annioJicnie activity of various 
minors, normal li^ucft. and cells <i, 4. S, 13). Amys 
on CAM continue a large-scale screcnuifi test for 
*uhsiances that promote or inhibit v^eular t»rowih (6, 
7. 12, 15). Despite such wide u:c„ ihc CAM assay has 
Hmiuiiotu. such as the problems of differentiation of 
" »\cwly formed vessels from the hydremic response or 
from the mechanical effect of Implant and the problems 
related lo the immune reaction* emerging on day 15 
of embryo de'cloprneni M. 5. <v 13. 22). 

Severn! procedures were mlrodueud io optimL* visual 
fmestment of vascular respon« of CaM, originally 
relying on die arbitrary wrulc (13, 21). These include:, 
shell-less culLure of chick embryo (2. 10K CMimation 
of vascular density within superimposed circle (f?, II). 
the calculation of coefficient of angioeenuiiis {2&)% and 
the use of aucomfiiic Inv^cfi .unolywr (26). However, all 
ihe^c procedures still silffer from subjectivity of 
cvuluQtion. 



Recently, a very .dmple method, ba-?ed on the c*»laiia- 
lion or DNA «ynlhesls v ha.< b<?cA used by Tliompson 
<»/ at, [ID (or quantitative assessment or the anajoeente 
response on CAM. However, this method i,s suitable 
• only when pooling (up to five) of CAMk is possible 
us ihc low precision or as*ny for individual c&gs ex- 
ceecls 40% (27). For largc-swilc screening nr angiogenic 
activity the assay for individual eggs is required* Wc.^ 
iljcrerore. modified accordingly ihe orifiinnl method of 
Thompson trt ui. {21) attd ihc present icmiIi* s)»0^ lhal 
following modifieuiion, this* kimpla away cm be aseel 
io moniior quantiratively nn«tog«nic ncrwhy on in- 
dividual c:ams. 

MAt^lUALS ANO METHODS 

Visual evaluation »T CAM wpOMKe 

Fertile hens'c^s (Asrra, Sweden), ma&l^al m water 
4nd 0.?^ ehiorhfcxWina in 70 B /o eihanol ^ece plnccd 
in a humidified incuhamr ?ii 37*C. On day 4, follow- 
ing removal of 0.5 rnl of albumen, ihc window was 
made in the shell over an air space to expose CAM. 
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On day !0 of embryo crowth, in peptic conditions, 
slice* (2x2* I mm) of meningioma, adenocarcinoma of 
endometrium or iwMinal endometrium (obtained inv 
incOiaicly folio wing surficry from the Departments of 
NcufOMir^eiy or Obnettic* and Gynccelocy, District 
HoipipU Kmw») were placed directly on CAM or 
^pararcd {torn it by a sterile MiUiporc filter, 0.45 *m 
(Millipore Corp,, Bedford, M<W, USA). During, Tur- 
in* Incubation for 5 days ilw v^sc-l* of CAM were ex- 
arnined tnch day under a stereo micro* cope in a bUnrt 
fashion and the *cor* aceordinc lo \\\t arbilrDry scale 
(13) wus ajtfiancd. tnch tiwuc was impbnte<l on <N 
CArvfs and median of CAM maximal scores (occur- 
ring usually on day IS) for each clinical specimen was 
recorded. The frequencies Tor each scoring interval (sc* 
RwultO were tubulated ;md thechi square t£$t wa.«t used. 

t%rtlmaiion of ON A syutfirNtf 

The enure procedure of Thompson e( aL (27) was 
modified. MethyH J Hll)iymidin<! (specific activity: S7 
Cl/mmol, Anurdum. UK), usually at a dost of 2.0 
pCi in 0.2 mJ of phosphate borfcrrcd snlin* (PJ3S), was 
Incubated with CAM w v/vo in most experiments for 
2 lu\ Following Incubation cha ccj^ were placed at 
-.•20'C foe 30 ntin. Ihe CAM was cut out, rinsed 
thoroughly in ice cold PBS, weighed and homogeniz- 
cd (Polytron, MPWO09) In 2 ml of water for 5 min 
at 4»C nnd dteinlejjnusd for 30 bee ai 4«C In the 
Uluwonk DiwiegMTor (UD-ll). During mixing, 0.1 
ml Of 0»C homo$«n.iM wo,t removed Tor calculation of 
rtw toml ladiOActiviry in dpm. Homor>™ tc ml) was 
thon mUcd with 5 ml of keloid perchloric i\eid. 
ITia precipitate obtained after ccn infusion (2500xc. 
10 min 4 d O was washed twice with 5 ml of 5*fo per- 
chloric acid. TV precipitate «w then shaken and wash- 
ed iwice (each time with ccntrifu oat ion step, as above) 
successively with 5 ml of the following solvents: 96*. 
clhuiot, v6°/o fclhanru^eihyl ether mixture (4: 1 v/v\ and 
ethyl cth*r. Folio wine evaporation of ether, the 
: prccipiLaie was treated with 5 ml of 5<fo perchloric acid 
and heated to 96''C for 15 min. Afier ccntri faction 
the Mipvni'UMu w;i,s divideu. 0.5 mi of supcrnaiam was 
ncuirat!?ad (with OA M NaOlU and the radioactivity 
ww estimated in a RecVroan LS-7000 scintillation 
counter u*in$ 1 1 number for quenching determination, 
in the second part of the supernatant, UNA was 
measured colonmcrricaDy (17) following addition of 
diphenylarnine and with the help of Spccoi coloiimcter. 

The radioactivity measured (in dpm) in the fraction 
containing OKA <xp(<*xeil in percent oT (01*1 
radioactivity of the liomogcuatc. Perccnl of mcor- 
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poruu\l thymidine to DNA of CAM, following various 
treatments, wns expressed as mcan±S12M and the 
result* between various groups compared by the 
Kraskal-Waitis test* Coefficient of variation, CV, 
(SDx to0)-.x. wa.t also calculated. 



Tu*ue extracts 

Tumors or comrol tissues were homoccnized in PBS 
(I s/10 ml) for 3 min at4«C and ccnLrifugcd to remove 
particulate material. Supcmatants were decanted, 
dialyxcd 1^000 cut-off) afcainu distilled wafer for 24 
l\f at 4*C then lyophilizcd and stored at — 20 8 C until 
use. All solutions of extracts in PBS were adjusted ro 
the same (!*/•). protein concentration, applied onto 
CAM at a volume of 0,2 ml and incubated at 37 *C for 
22 hr followed by application of PH) ihymidine for 2 hr. 



K6F and drafts _ 

Pure natural mou.« epidermal growth factor (1£G10 
(,<ynchedxcd by Dr. H. Gregory from l,C,l., Alderley 
park, UK) was obtained from l*rof. S. )Conturek as a 
iyophilizcd sample, Doxorubidn and bleomycin were 
obtained from a local pharmacy. EOF and drug* were 
dissolved in phosphate buffcrred saline (I'BS) just 
before use, applied onto CAM at a volume of 0.2 ml 
and incubated at 37 B C for 22 hr followed by 2 hr in- 
cuhation with Thymidine. 



RKSVT.TS 

Visual asseccmcnt of anfcioj;cne5i.i 

The angiogenic activitiejt of various tissues are .shown 
in Tabic I . The majdmal vascular response was actain- 
ed on day 15 and occasionally on day 14.-A typical 
spoke-wheel response to the implant of meningioma 
(scores: 4.0 + ) is shown in Fiflure 1. When slices of 
adenocarcinoma of endometrium (3 cases) were heated 
(10O"C for 30 min) they evoked angiogenic response* 
in CAM scored between 0.1-1.0 + . 

I)NA content in CAM 

Table 2 ihow; that DNA content per mg of CAM 
was similar in embryos of various Ages. When the sJiecs 
of normal ondoineirium were implanted on CAM, 
DNA content — measured on day 15— amounted to 
1.36^:0.11 >ig/mft or CAM (menn±5EM, n = <3) and 
was comparable to the DNA content of un< rated CAM 
(Table 2). 



08-DEC-2000. 09:09 FROM 



EDICPL LIBRARY 



TO 93252883 



Ar\uic>}:tt"4Sis: tjuannrufivt} assay 



!^^3 



TaM.K (. .\aKt>'v<^v HrtiTiih-* »»r iiv,»wi iim <*aM 



ViMVr 



Number 
of 

. <> 

II 
1 



0.1 I Uj. 
.1 
I 

u 



1 fan- 2 * !,va .! M 
0 a 

3 '111 
0 U 



u 



TW ^vtf.«.nt wcftr ^lAiAU-J rnnft CAM hy.MiUipuf* nllcr ym l n*K-.r»fuJ»n 8 raw «rv «« fUirtilito*.. 




iaIUJ' 3. ONA eutifcai in CAM or tmt>r>o> af v 0 ri<my iiw 
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iin|iLm(.id tufniitruntti. Wi»»hI %xwih -Jmiw r.ulud uiuiultoa fait*- 

(UK J i>pic*ii nspihlfwlltdw. 



DNA synthesis 

(iicffininy amount* oT I'lllUiymWlnc applied lo 
CAM for JO iiiin produced linear iucorpororirta Into 
DNA iPtf. 2). n^urc 3 illuslMce* the int-Of porariun of 
thymidine 10 DNA when «i conMnni da«e (2.0 i*Ci> wflx 
apglneil onto CAM far vanou* iI«m taucrvate. initial 
linear incic:i<e or Incorporation of thymidine declined 
after 2.0 hr lo a plateau. Coefficient of variation of 
mcvsi measurements were between 10-20**. and 2.0 lir 
dm* of incubation or ['Hllhyimdme whh CAM *a« 
chuHcli Tor tori tar "uxpertmous nxpLtiniunts relating 
sigr or CAM with ilK degree oT thymidine hiC'M pnra- 
tion inro DNA tMg. 4) Indicated that crow ih or CAM 
wai lordly completed by day tl of embryo develop* 
\wm\i. Tor Mitaeiuicnt experiments. U or 12-day old 
embryos were u*cd. 

Tinner cxTracis, whim incubated wiih CAM for 24 
hr» dKnineaatly increased incorporation of thymidine 
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info DNA of CAM (Table 3). CV 5 or iheje 
mealu.rcmeriw were between U.I-l"7.2 B /o. 

Similar to tumor waeu. epidermal arowth factor 
(bRV) stimulated incoiporailon of thymidine into DNA 
of CAM (Table 4), while cytostatics,' doxorubicin and 
bleomycin inhibited incorporation of thymidine into 
DNA of CAM (Table 4), In the owe of bleomycin some 
embryo* died follow^ drug treatment. 

discussion 

Ttts visual a.^c$smeni or an&iogenie rer,ponie of 
CAM of chick embryo precluded larai.«cale screening 
of poicnrial angioRcnk RUbnancea in d\is aswy. A smv 
pic qiwnrifauve method introduced by Thompson v( 
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SAW u* vftiWuii in.nMmn limn; n -6 I or wdi luw Mom r-SI'M 
4ri* vjv>wn. rcvrnv'\cf)i> of vnn.iu*»n in piittftihcuN.-Owm circle, 
pi^.m^l-. p/rl'djitv-d on ki-pt for 12 nf ;\l room temperature-. 
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FIG -l. Thymidine incC-rporttinfl in CAM ol' various npvs. CAM? wcr« 
metibftKil miJi 2.0 M C i of fllliymidhie Am I hi ; n = tamlmgirt 4 for 
vnt'b <foy. M.jmi l- SIX U(C st»o^ti. 



4//. (27) requires, became of low precision, lar^e 
•lit) on nil or CAMs (wlntroduciioTi). T1\c aim of the 
present work such a modification of the procedure 
or Thomson «rf W. (27) which would increase the precis. 
<ion and allow Tor assay of individual cg£J. 

Oor a^s.iy measure J ihc ratio of thymidine incor- 
ixvared imo ON A 10 all forma of thymidine binding 
in CAM reprinted by the total radioactivity in U\0 
initial homoguiulc. Accordingly, the results were in- 
dependent Of Ihc CAM'S weight, and transfer of tout 
radioactivity added io CAM in Wvo was not eritkfll. 
Vhc ONA eoment per CAM's weight was simitar dur- . 
ins 1°~ 15 days of embryo development (Table 2). nUo 
in the presence or the implant. Wo think that low preci- 
sion of the original method (27) resulted from varia- 
tion in the CAM'S weight and uncontrolled losses or 
radioacuviry during isolation or CAM. However, in ihc 
prejcnl assay, isolation or DNA required lipids removal 
and separation from.ritfue proteins. The simple method 
of isolation of DNA (23) appeared to be sufficient for 
the present purposes, as evidenced hy (he lincnr incor- 
poration of thymidine to UNA (Fig. 2). In this experi- 
ment results were expressed. as dpm per CAM, being 
rhe original (lain and were In agreement with That of 
Thompson tt ai (21). The steady-state condition* for 
percent of thymidine incorporated to DNA were oh- 
LAined afier 2-3 hr of pHlthymidino incubation with 
CAM (Fig, 3) and 2hr incubation time was chosen Tor 
present experiments. Fisnrc 3 also shows thai wittt our 
approach , precision of the assay wus increased, as com- 
parcd.io the worV of Thompson trf at (27). and coeffi- 
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TfCdlMlCul 

t'U.S 

(tt.l ittft'cjrp i»i.*v 
ni i) nml \1 in) 

(l)J unycpp \ wr 
til rt upj J? hfl 

rienls of variylion of iho mcJsuroiAcnit ihrotrshout ihe 
enlinmuriy oniy exceptionally exceeded 2A°/g. The rate 
Of PNA kynkhfxif was dependent on the ajw «f ihc em- 
b*yo. By day It or embryo development ON A *yuihcsi> 
wiis maximal (He- 3). in aflrccmciit *ith data of oilier 
wpgii* (3, 2?). Therefore, I ].l3day*ofd embryos were 
used for l *te picsuiil e^pcrinwnls, 

Thi! following data may fndienw thai the simple 
method of Hiomp«on cf cA {21) In our modification 
on < pin ul) (, i lively measure stimulation or uni'iorjcuols 
on CAM. ll ba> been <K*mon»imie4 ihai mcnimjium;t. 
one uf \\w moxr Mohly va«;eu1at i/cd minora, induced 
Miong Mii|U<n»niiv raponw on CAM (IP). Wc have c*wi- 
firmed Has rnvlitig » n ih« present work (Table Lf'ij!. 
IV tixirnct of meningioma wa> found to tnoiuav.* 
jduniricciiuW (p<n.Oi) incorporation or thymidine m 
UNA as measured by ouMiteihod I ruble 3). nils rcsuh 
u in nrrecmrnl will) autoradiographic, studies of Kelly 
p/ (I 1 ?)) ivlio observed the largest increase , in 
thymidine labeling index follo^in^ incubation of 
nicfiin«»oin.i-eon(liiii>n«J medium with endothelial 
culture*. Tin: orb or luniyrs which induced poMlK-e 
response on CAM jiwcwojU qualitatively, /,c, implants 
of adenocarcinoma 0/' emtomeli ium (Table I), also 
Munlficantty incj-e.i>cd thymidine incorporation to DNa 
:it usurped by our method {Table 3). 11k* stimulating 
effecis of tumor exrracis w;u nhtircd by UCF (TaWe 
4)» similar io iis cf Toci on vci*cN in ih< rvunMcr chick 
poiich and on endothelial cultures (9). In addition, 
doxorubicin and bleomycin, (Oo UNA-tymlicffe in» 
hibttor.*, \i(»iuric;iriily duerLa^cd iacon>ora(icft oT 
thymidine lo J")NA nf ("AM as evaluated h>' ot»r aoay 
ITtthk '*U TI1»1 Indircvi Cvulcnve wirj;esn thai our 
method olfcrs llic possibility orqnumiuulvr asiurssmeni 
of a n^ii genesis on CAM. 
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in ihcic Mudicj we have also demonstrated thai ear- 
einnma of endometrium of th« eonnw Hieri possesses 
anetop.L*nic activity. 'Usui we believe, the Hrvt such 
ohsctvatlon* Ho* anewficnic activity a>ninbuU'« toihe 
spread of ejreinoma of endometrium is nOL known. 
However, morphological studies are in pro^res< lo find 
otii whether vcuseU of ihc utenw affected by the 
adenocarcinoma show signs of aciWity of angiogenic 
factor. 

Irt ihc present method incorporation of thymidine 
in all cell types in CAM was followed. Therefore, the 
action directed specifically towards one type of eel! 
would not be differentiated. This i$ the ctisc of ami- 
angio.oenic ugenu, protamine or hcparm-cori^one mix- 
ture, Specifically affeetinc endothelial cells, as oppos- 
ed to cyto^iailw, aciina on DNA of all cell type* (26). 

In contrast to UTiii-angjoccncsix. stimulation of 
anjtioycncsis appears to involve all embryonic cells or 
CAM, All cell types in CAM are stimulated by vaiiouv 
angiogenic factors, .as evidenced by JUiiorudioflraphy 
(y. 27). Severed crowth factor< such as cpidcrmul and 
fibroblast growth factors (EOF and TC'iIO stimuliue 
both anftlORenc^'is in vivo and endothelial growth in 
cudure (9, 24). Faclorj possesses inirinMc milotjcnic 
activity, ^ueh ;i< EOF, FGi-\ trans fonninu growth 
facior-alpha (TOF-»lpha) ( tumor ang<OEcnev« Tactor 
iTATO* and choiidrovnrcomu-ilcrivcd cndotheleil cell 
. Kr»wth factor are not cell-type jpccinc(U. J 6. 25. 29). 
Jt seeni<, therefore, that the present method is suitable 
for meamrenicnt of angiogenic activity of vanotu 
iw^iies. ,S\ich a method should be useful for further 
hiudics on angios L " n ie f^ctprt. 
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ABSTRACT 

method of m SU | in delivery has, been Mudied n mice 
« "'«tnin B „ metallothioncin promorcr and » „ en e 

AtT20MtIn.s-l-4 cells (2* JO'') were imnlmr ,t 



(nu/mi) i n ,cc, and rhc mice were made diabetic by 
injection <>f atreptozorocin afier 7 davs. Release of 
human insulin ,-„ ,./,.„ XVils aMesSed us ; apecific 
plasma human C-pepnde assay. Human C-peptide 
concentrations were maintained *r about 0-1 
pmo /ml throughout the 29 days of the study The 
development of streprozotocin-induccd hvoerirlv. 
eaem.a was delayed in recipient* of the cell* 
releasmg human insulin, compared with a control 
group receiving an implant of non-tnmsfected cell* 
At autopsy the implanted ArT20M t In»-l 4 cells in 
each rec lpl em had formed a rumour-Iikc a KK re- 
«n.on with an outer re«ion of insulin-containing 
cells. The study surest* that somatic eel) gene 

S?ry. * " fea8ib,e ap > T ™ h n 
Journal t,f MvUwIar Endocrinuhfty (199.1) It. 33S-34J 



INTRODUCTION 

endogenous gcne^^.7 t 

promoter till ■ P re P'»™">»> K*n« linked to B 
i-ene cLn h. ■ ? ,n .™ r ? on,tin * i,nd "Pressing «hc 

s t^£ss SanU-tr e n f kw 

«,> W ir * ak,n,; Precautions for 

\iT2lJTS J hrnb 1 ,a " s - C 0& cells and pituitary 
A 20 cdls have been transfected with " „. 
rat and human insulins ( Lomed ico' 982; 



r?^ A- Ru " er ' 198J: -Moore er a /. J98J- 
D,a, off-Z,,„ e, 1986; Selden *, «/. ,987*: Gross 
cf 1989; kawakumi rf a /. 1992; Taylor & 
Docherty 1 992). Since proinsulin exeris only weak 
insum-l.ke act.v.ty ,„ VIMt «10% of the potency of 

SnTuV • ^ ^ "\ ,984) ' " - fh« 

thTAtTsorif 0 ^^ to ins,,,in - ,n « hi8 

the At r20 cells prov.de a particularly useful mode 
because they possess ,he requisite endopeptidase, 

1 >S3; I aylor & Docherty, 1992). 

«„I he Pr * S f. nt StUtJy inv «-' 8tj Kat«j the feasibility of 
somattc cell Ken e therapy using AtT20 cells 
transfected with the human preproinsulin K e„e. The 
insuhn-releastng activity of thc 8e cells has been 
assessed ,„ vuro and in vivo after impJantation into 
immunoincompctcnt nude mice. The mice were 
subsequently treated with streproaotocin (STZ) to 
k.I endogenous insulin-secreting islet B-cells and 
mduce a state of insulinopenic diabetes. Insulin 
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released by the implant was distinguished from 
endogenous murine insulins using an antiserum 
specific for the human C-peptide, which is co- 
secreted with the human insulin. 



MATERIALS AND METHODS 
Chemicals and animals 

Cell culture reagents were from Gibco-BRL (Pais- 
ley, Strathclyde, U.K.). STZ was from Sigma 
Chemical Co. (Poole, Dorset, U.K.), human 
C-peptide antiserum, tracer and standards were 
from Novo Xordisk Diagnostics (Cambridge, 
, Cambs, U.K.), insulin antiserum GP6 was a gift 
from Dr D. F. Sreiner (Howard Hughes Medical 
Institute, University of Chicago, Chicago, I L ( 
U.S.A.), rat C-peptidc 1 was a gift from Dr S 
Hampton (University of Surrey, Guildford, Surrey, 
U.K.) and high-performance liquid chromatography 
(HPLC)-grade ethanol was from Fisons Scientific 
Equipment (Loughborough, Leics, U.K.). 

Adult male athymic nude; (nu/nu) mice weighing 
20-25 g were obtained from Bantin and Kingman 
(Hull, Humherside, U.K.). Mice were maintained 
in an isolated environment with filtered air at 22 "C, 
with 12 h light per day (08.00-20.00 h) and a 
standard pellet dipt (Mouse Breeding Diet I; 
Hcygate, Northampton, Northants, U.K.) and tap 
water available ad libitum. 

Transfected cells. 

The AtT20 murine pituitary corticotrophic cell 
line, transfected with the pMtNeoIns recombinant 
plasmid, was established and maintained as 
described previously (Taylor & Docherty, 1992). 
The plasmid contains a full-length human 
preproinsulin cDNA (511 bp) driven by the mouse 
metullothionein-1 promoter and ending in SV40 
splice and polyadenylation sequences (Fig. 1). The 
plasmid also contains genes conferring resistance' 
to ampicillin and G418, to serve as selectable 
markers. The . pMtNeol plasmid was kindly 
supplied by Dr K. Peden, NTH, Bethesda, MD, 
U.S.A. The transfected cells, previously termed 
AtT20pMtNeohPPI/l (Stewart ei at, 1992), have 
been renamed AtT20MtIns-l and the clone used 
in this study was AtT20MtIns-t-4. 

Cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% 
(v/v) fetal calf serum, 2 mM glutamine, 100 ug 
streptomycih/ml, 100 units penicillin/ml and a final 
glucose concentration of llmM, In certain experi- 
ments, glucose-free medium was supplemented 
with glucose at different concentrations. Culture 
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conditions were 37 "C in a humidified armosphere of 
95% air and 5% C0 2 . 

Characterization of AfT20MtIns-l-4 cells in 
vitro 

Expression of the human preproinsulin gene was 
examined after culture of the cells for 48 h in 
medium supplemented with 90 uM zinc chloride 
and Sum cadmium chloride to enhance expression 
of the metallothionein promoter (Taylor e\ al. 
1991). The medium was replaced wirh serum-free 
DMEM and the cells were cultured for a further 

4 h. The medium was then removed, concentrated 
on a ScpPak CI 8 column (Millipore, Watford, 
Herts, U.K.), and analysed by reverse-phase HPLC 
using a C7 8 reverse-phase column. Fractions 
were neutralized, lyophilized and reeuspended in 
phosphate-buffered saline. The fractions were 
assayed for insulin-like immuno reactivity using a 
broad-specificity antiserum (GP6) which reacts 
similarly with insulin, proinsylin and partially split 
proinsulin intermediates. 

The effects of. various agents on insulin release 
Were examined using quadruplicate cultures of 
1 5 x 10 5 cells for 24 h in 2 ml medium containing 
10 mM glucose. The medium was sampled to assay 
for insulin and replaced with medium containing 
10 m.M glucose, 1 6-7 mM glucose or 10 mM glucose 
plus one of 15 mM potassium chloride, 7*6 m.M 
calcium chloride, 20 mM arginine hydrochloride, 

5 mM isomethylbutylxanthine (IBMX) or 9U um 
zinc sulphate. Cells were cultured for a further 24 h 
and the medium was sampled for insulin assay. 



Implantation study 

Insulin-releasing AtT20MtIns-l-4 cells (2x|0 fr ) 
were implanted intraperitoneally into non-diahetic 
nude (nu/nu) mice, and a similar number of 
non-transfected pituitary cells was administered to 
a separate group of nude mice to serve as a 
control. Seven days after implantation, STZ 
(200mg/kg i.p. in citrate buffer, pH 4-5) was 
administered. The study was continued until dav 
29. Body weight and food and fluid intake were 
monitored, and plasma glucose and plasma human 
C-peptide concentrations were determined at 
intervals using blood collected at 10.00 h from the 
tail in the freely fed state. Additional blood 
samples were collected on day ft at .10 min after an 
oral glucose challenge (2 g/kg in a 40% (w/v) 
solution), and on day 7 after a 24-h fast, 
immediately before STZ administration. 

At the end of the study the implants were 
identified within the abdomen of mosr recipients. 
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They were removed, weighed and subjected to 
routine histological examination with hacma- 
toxylin-eosin and aldehyd*-fuchsin staining. In a 
separate study, the implants were extracted in 5 ml 
acid-ethanol/g (750 ml ethanol, 250 ml water, IS ml 
concentrated hydrochloric acid) for human C- 
peptidu assay. 

Assays 

Plasma glucose was determined by an automated 
glucose oxidase procedure (Stevens, 1971) and 
immunoreactive insulin-like material in HPLC 
fractions and cell culture media w?s measured by 
radioimmunoassay with polyethylene glycol precipi- 
tation (Shalcur ci aL 1989). Human C-peptide in 
plasma and implant extracts was measured by an 
erhanol-precipitation radioimmunoassay procedure 
(Hcding & Hasmusxen, 1975). The C-pcptide 
antiserum (Novo K6) did not cross-react with rat 
C-peptidc \ and no reactivity was detected with 
plasma from normal fed rars and mice (assay 
sensitivity 0-01 pmol/ml). The inter- and intra- 



assay coefficients of variation for. standards (0-05- 
0-5 pmol/ml) were 11 and 2-7% respectively. 

Statistical analysis 

Groups of data are presented as means is.E.M. Data 
were compared using Student's Mest. Differences 
were considered to be significant if P<0 05. 



RESULTS 

Characterisation of insulin gene expression 

Kxpression of the human preproinsulin ^ene by 
AtT20Mtlns-l 4 4 cells was assdCiatcd mainly with 
the release of insulin (80%), together with the 
release of small amount* of proinsulin and partly 
split proinsulin intermediates (Fig. 2). 

Regulation of insulin gen expression in vitro 

Under control conditions (10 mM glucose), the 
release 'of insulin-like immuno reactive material by 
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AtT20MtIns-l -4 tells was 5 06 ±0-22 ni>/10'* 
cells per 24 h (>r = 24). Insulin release was nor 
significantly altered by incubation for 24 h in 
medium containing !6'7mM glucose, ISniM 
potassium chloride or 7 6 mM calcium chloride 
(Fig. 3), However., insulin release whs increased 
by incubation in medium containing 20 rnM argi- 
mnc hydrochloride (275% increase), 5 mM IB.MX 
(137% increase) or 90 uM zinc sulphate (84% 
increase). 



Implantation of AtT2QMtIns-l-4 cells 

Human C-peptide wys nor detected in the plasma of 
nude mice prior to implantation of the cells releasing 
human insulin, and was not detectcdafter implan- 
tation of the control (n on -transected pituitarv) 
cells (Fir. 4). However, 6 h after the intra- 
peritoneal implantation of 2 x 10* AtT20Mtlns- J -4 
cells, plasma human C-peptide was delected at 
01 pmol/ml f and increased to a maximum of 
016 pmol/ml by. day 10 (Fi£. 4/7). Plasma human 
C-peptide concentrations of about 01 pmol/ml were 
maintained until the end of the study (day 2f)). The 
humnh C-peptide concentration was not significantly 
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altered at 30 min after an oral glucose challenge oa 
day 6 (0 098 ±0 006 pmol/ml, « = 10) or bv a H-h 
fuse on day 7 (0 108 ±0 0 1 6 pmol/ml, /i = I0). Mur<s 
over, there was no change in plasma human 
C-peptidc concentrations during the onset of STX- 
induced diabetes. The human C-peptidc conceit 
trations in the mouse plasma were about 0,™ -quarter 
of the values in normally fed non-U ia boric human 
subjects (mean value 0-4 pmol/ml) measured in the 
same assay. 

In the non-diabetic state, plasma glucose concen- 
trations were slightly reduced by the implantation 
of the ArT20MtIn«-1-4 cells compared with the 
control pituitary cells (J ? i#. 4/>). The hyperKlvcaemic 
response 30 min after an oral rIucokc challenge on 
day 6 was similar in the two groups (14-0 =fc 0-7 m\i 
"=10, and 14-8 ± i) H mM, 11 = 1 1 \ in test and control' 
mice respectively). ; 

The hiyh dosage of STZ (200 m^kg i p.l 
administered On day 7 produced a rapid and marked 
hyperglycaemia in controls, resulting in three 
fatalities by day 14 and subsequent termination of 
this Rroup. In contrast, mice currying the human 
insulin-releasing ArT20Mtlns« 1-4 cell* showed » 
Gradual rise in plasma glucose, wirh the develop- 
ment of severe hyperulycuemia being delayed bv 
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DISCUSSION 

The present study has shown that pituitary AtT20 
cells can be stably transformed to produce and 
release human insulin after intraperitoneal implan- 
tation into athymic nude mice. Use of a specific 
assay for plasma human C-pcptide has allowed 
the insulin-releasing activity of the implant to be 
monitored separately from that of endogenous islet 
B-cells. The release of human insulin by implanted 
cells was associated with a delay in the development 
of STZ diabetes. 

Previous studies have inserted and expressed 
cDNA encoding human preproinsulin in fibroblasts 
(Moore et al 1983; DiatlofT-Zito et al 1986; Selden 
et al 19876; Kawakami et al. 1992) and pituitary 
AtT20 cells (Moore et al. IDS J; Taylor & Dochcrty, 
1992). Unlike fibroblasts, which release proinsulin 
almost exclusively, ArT20 cells can process pro- 
insulin to insulin. In AcT20 cells the insulin is 
co-localized and co-sccrctcd with adrenocortico- 
tropic hormone (ACTH) via constitutive and 
regulated pathways (Moore el al 1983; Orci et at, 
1987; Powell et al. 1986), although the amount of 
insulin produced is much less than chat of ACTH 
(Moore ex al 1983). The release of C-peptide 
(Moore et al. 1983; Powell et al. 1988) has been 
confirmed in the present study. 

Regulation of the exogenous preproinsulin gene 
has been achieved in vitro with cyclic AMP (cAMP) . 
analogues (Moore et al IS83; Howell et al 1988; 
Gross? et al 1989), and incubation with IBMX 
increased insulin release in the present study. Ir is 
possible that cAMP activates transcription factors 
which interact with the merallothionein promoter. 
Sensitivity of this promotor to zinc is well 
established (Hammer, 1986; Dickerson et al 1989; 
Taylor & Docherty, 1992), and the exploitation of 
this mechanism to regulate cells transacted with the 
human growth hormone gene has been described 
(Selden et al 1987a). Ar^minc srrongly enhanced 
the expression of the preproinsulin gene in the 
present study, but the mechanism of this is 
unknown. 

Attempts to deliver insulin by somatic cell gene 
therapy have previously been limited to the 
production of pro insulin from fibroblasts (Selden et 
al 19876; Kaw H k»mi et al 1992). These studies 
have not distinguished the secretory products of the 
implanted cells from the endogenous production of 
insulin-like immunoreactive materials. This has 
been overcome herein with a specific human 
C-peptide radioimmunoassay, and with HPLC 
analysis of the secretory products in vitro. 

When 2x 10 6 insulin-releasing AtT20MtIns-l 4 
cells were implanted into non-diabetic mice,' which 
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were subsequently made STZ diabetic, the implanr 
. continued to release insulin throughout the 29 days 
of the study. Although the plasma C-pepride 
concentration achieved by the implant was only 
about one-quarter of the normal C-pcptide con- 
centration (Heding & Rasmus^en, 1975), the 
development of hyperglycaemia was delayed hy 
about 2 weeks. Since STZ diabetic nude mice 
become very insulin resistant, this could explain 
why the implants did not prevent the eventual 
progression to severe hyperglycaemia. Indeed, the 
release of ACTH and other pro-op iomelanocortin- 
derived peptides (e.g. opiates) with which insulin U 
co-processed and co-secreted by the AtT20 cells 
(Moore et al 1983; Orci et al 1987; Powell et al 
1988) could aggravate the hyperglycaemia both 
directly (Bailey & Flatt, 1987*^) and via stimu- 
lation of the ACTH -adrenal axis (Lenzen & Bailev 
1984). 

The aggregation of implanted cells into a typically 
tumour-like organization was consistently observed. 
Even in mice with very low plasma C-pcphdc 
con cenc rat ions it was possible to detect insulin- 
containing cells in the outer regions of the cell 
aggregation. As substantiated by the small amounts 
of C-peptide extracted from these aggregations, 
there was only limited intracellular storage of 
insulin (about 30 pmol/g). 

The present study provides evidence for the 
feasibility of delivering insulin by somatic cell gene 
therapy. By selecting a ceil model (pituitary AtT20 
cells) with an active secretory mechanism and 
appropriate endopeptidase activity, it has been 
possible to produce and release insulin. ArT20 cells 
express the high glucose-phoaphorylating 
enzyme glucokinase. Thus it has recentlv been 
shown that AtT20 cells transfected with cDNA for 
preproinsulin and the GLUT-2 glucose transporter 
exhibit glucose-stimulated insulin biosynthesis and 
release (Hughes et al 1992). To apply this 
technology to somatic cell gene therapy will require 
the use of a convenient source of cells for primary 
culture, such as fibroblasts. These will require 
extensive genetic manipulation to achieve regular- 
able insulin release before implantation back into 
the donor (Selden et al 19876; Dochcrty, 1991: 
Hughes ct al 1992). While this approach' avoids 
the need for immunoisolation, it will be necessary- 
to introduce safeguards to contain rhc growth of 
implanted cells (Kawakami et al 1992). 
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The molecular defects in sickle cell disease and 0- 
thalassemia have been well characterized and 
seem amenable to genetic correction (1). The 
development of effective genelic therapy could revolu- 
tionize treatment of the hemoglobinopathies. Before 
envisioning treating patients, methodologies will be 
required to ensure safe, efficient, and stable transfer of 
globm genes into hematopoietic stem cells and subse- 
quent high-level gene expression in mature erythroid 
cells. This minireview will focus on the use of viral gene 
transfer vectors as potential therapeutic agents for the 
treatment of human hemoglobinopathies. 

The thalassemias and clinically significant hemo- 
globinopathies are among the most common single 
gene disorders throughout the world. Patients with se- 
vere phenotypes rely on regular erythrocyte transfusions 
that can be associated with life-threatening iron over- 
load despite intensive chelation (2). Long-term trans- 
fusion therapy may result in the development of anti- 
erythrocyte antibodies making subsequent transfusions 
difficult or, in some instances, impossible (3, 4). Allo- 
geneic bone marrow transplantation has been per- 
formed with some success but is feasible in only a small 
percentage of affected patients (5, 6). Recent work has 
focused on the pharmacologic manipulation of fetal 
hemoglobin. Underpinning these efforts is the premise 
that increas ed y-globin gene transcription and fetal 
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hemoglobin synthesis leads to more effective erythro- 
poiesis and/or decreased hemolysis in patients with 0- 
thalassemia and sickle cell disease (7-9). These treat- 
ments are, however, potentially toxic with unknown 
long-term complications. 

GIobiD Gene Organization 

Hemoglobin is a tetrameric protein composed of 
two dirneric polypeptide units encoded by two different 
gene families on two separate chromosomes. The <*- 
globin gene cluster, located on chromosome 16, in- 
cludes the duplicated a genes (ai. a 2 ) present in the 
fetal and adult stages of erythropoiesis and the embry- 
onic f-gene. Located on chromosome 1 1 are the cluster 
of 0-Iike genes including the two adult genes, 6 and 0, 
the two fetal genes, y A and y c f and the embryonic 
gene (see Fig. I). During normally developing crythror 
poiesis, six distinct hemoglobin species are present in 
the transition from intrauterine to adult life. Coordi- 
nated gene expression in the or- and 0-gene clusters 
occurs at each site of erythropoiesis: the yolk sac of the 
embryo, liver of the fetus, and bone marrow postnatally. 
This process of coordinated expression, known as -he- 
moglobin switching," coincides with the change in he- 
moglobin phenotype. The 0-like genes are activated 
and silenced in the 5 ' to 3' order of their transcriptional 
positions along chromosome 1 L 

Current switching models suggest competition be- 
tween the individual /Mike genes for regulatory ele- 
ments defined within the distant DNase I hypersensitive 
sites known collectively as the locus control region 
(described below). A putative switching factors) is in- 
volved with either the silencing and/or activation of 
the 0-gene cluster. Interaction of switching factors with 
0-1 ike gene promoters may determine whether active 
gene transcription occurs. An example is the identifi- 
cation of a stage selector element in the human y» 
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globin gene promoter and of the nuclear protein which 
binds to this element and enables the y-gene to com- 
petitively silence the 0-globin gene (10). Levels of the 
specific DNA-binding protein are higher in more de- 
velopmentally immature cells in which 7-globin expres- 
sion is elevated. Analysis of the a-like globin gene 
cluster suggests a similar type of regulation (11). 

Regulation of Globin Gene Transcription 

The expression of the individual globin genes is 
regulated at the level of gene transcription, as supported 
by measurement of globin transcriptional rates and by 
quantitation of globin mRNA from patients with thal- 
assemia (12). In general, globin transcriptional regula- 
tion requires cis-acring DNa sequences located within 
the globin gene cluster and trans-acting factors which 
bind sequence-specific motifs within the cis-acuno res- 
ulatory elements. . 

o Regulation of the human /J-gJobin gene cluster («, 
7 . y , 6, 0) is mediated via local cis-acting sequences 
including the globin promoters and enhancers V of the 
7- and 0-genes. Initial efforts to define cis-acting ele- 
ments responsible for globin gene expression in trans- 
genic animals revealed that local sequences were not 
sufficient for normal globin expression. The observa- 
tion that deletions upstream of the ^-globin gene inac- 
nvated globin expression suggested that other regula- 
tory elements were necessary. These distant regulatory 
elements that flank the 0-globin cluster are associated 
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0*0*0*,- ,. ^ DNase I hypersensitive sites (HS), and inclusion 
0 these sites modulate, high level globin expreS, 
-r c^o-o.om* „ The4c ate are collectively termed the locus contro 
region (ICR). Four sites (5' HS1-4) arc located SveS 
kilobases 5 to the ,-globin gene, and one site^Hsn 

ISfift 3 IO thC ^° bin gene - ^ artiv « Elements 
ri?f, , are encom Passed within 300-400 base Dairs 
of DNA found at each HS (13, 14). The HS2, 3 4 
when hnked ,0 globin genes singly or in comb n*ion 

fected erythroleukemia cells or when introduced into 
transgenic animals (15). 

Recently, several erythroid-specific enhancer se- 
quences and trans-acting factors have been defined that 
appear to regulate globin gene transcription. One of the 
most powerful enhancer elements in the ^obin locus 
lies w,thm the HS2 and is localized to tandem AP-I 
binding sites (16). This element is required for high 

K562 cells. K562 cells provide a model for the study of 
globin gene regulation and have been used to define 
important cis-acting regulatory elements. The HS2 en- 
hances by .1 1 50-fold transcriptional activity in hemin- 
induced K562 cells but is relatively inactive in noner- 
ytnroid cells. The trans-acting factor NF-E2 binds to 
the HS2 enhancer and is required for hemin-inducible 
acuvny of the enhancer (17). Transgenic animal exper- 
iments using only the HS2 site linked to a /J-globin gene 
enabled the production of 25-50% levels of endogenous 
globin transcript (18). This factor has been character- 
ized as a 45-kDa basic-Ieucine zipper DNA bindine 
ea"g« (19) PrCS5ed in erythfcid and meBakaryoeytic lin- 

,r-AS^ I £ h ? id " S £f cific lra ««:ription factor NFE-1 
(GATA.l) binds to GATA consensus motifs found in 
several of the cis-acting elements. Experiments with 1 
transgenic mice indicate that GATA-1 may be impor- 
tant in the development and function of red blood cells 

I 

Globin Pathophysiology 

The thalassemic syndromes are hereditary anemias . 
which occur due to mutations that affect the Synthesis 
of either or- or 0-globin chains. The ratio of «- to 5- 
cham synthesis is the major determinant of pathology 
Excess of either globin chain can lead to the formation 
of aggregates or intracellular inclusions causing de- 
creased red blood cell mqnbrane deformity, ineffective 
erythropoiesis, and accelerated red cell destruction Di* 
cussion of clinically relevant severe thalassemia syn- 
dromes is usually directed toward the ^-thalassemias 

^-Thalassemia refers to inadequate /J-globin chain 
synthesis encoded by a single /J-globin gene on chro- 
mosome 11. Heterozygous individuals arc character- 

rlSiv y /,^ Uan | l ° f ^° Wn Production 

relative to «.gJobin. In homozygous patients with p- 
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thalassemia, deficient or absent 0-globin gene synthesis 
causes the production of poorly hemoglobinized defec- 
tive erythrocytes resulting in hemolysis and severe ane- 

m * ErK Pa,ienlS With xven disease frequent 
red blood cell transfusions with attendant iron accu- 
mulation. The seventy of this disease is modulated by 
increased -y-globin synthesis and increased fetal hemo- 
globin (oj-vj, Hb F) or. concomitant ^-thalassemia. 

In homozygous sickle cell anemia, the mutant he- 
moglobin (Hb S, aj/3,') is susceptible to polymerization 
resulting in altered erythrocyte iheological properties, 
vaso-occlusion, and multiorgan damage. The severity 
of sickle cell disease correlates with the degree of he- 
moglobin polymerization. Hb F has a sparing effect on 
polymerization and decreases the tendency of Hb S to 
precipitate within the erythroid cells. 

In these disease states, the transfer and expression 
or either 0~ or y-globin genes should be highly effective 
in correcting these genetic defects. Replacement with a 
functional /J-gJobin gene could correct the defect in 
severe ^-thalassemia, whereas gene insertion of a y- 
globm gene could ameliorate the potential for polym- 
erization in sickle cell disease. Studies of sickle cell and 
^thalassemia patients reveal that mild or absent clinical 
manifestations occur in the presence of hemoglobin F 
evels of 20-40% (23. 24). Expression of a /J-globin 
transgene at 10-20% of normal endogenous levels is 
adequate to achieve a dramatic phenotypic improve- 
ment in a thalassemic mouse model (25). 



Gene Transfer 

The following are the major requirements for glo- 
wn gene transfer to be clinically applicable, (i) Trans- 
auced (introduced) globin gene expression must be at 
sufficient levels, (ii) Expression should be stably regu- 
lated and erythroid specific, (iii) The totipotent bone 
marrow ste m cell should be transduced at high fre- 
quency and/or maintain a competitive advantage over 
n ntransduced cells for its self-renewal, (iv) The intto- 

S?\. 0f Te ^ n DNA int0 ,he ^ S«ome 

should have limited potential for insertional mutage- 
nesis and/or endogenous gene disruption. 

Ideally, replacement of a defective gene with the 
^ ecl .« e . neU L c sequence by targeting genes to specific 
sues w,th,n the genome would be an optimal method 
for genetic therapy. Homologous recombination into a 
^globin locus bas been achieved in cultured embryonic 
stem cells, albeit at a frequency too low t0 be of any 
current therapeutic value (26). However, as a result of 
recent advances in molecular biology, the introduction 
of new genetic material by nonhomologous recombi- 
nation with gene insertion into a target cell genome 
now appears attainable. 

Gene transduction is accomplished by a variety of 
techmques, including viral vectors, poly-lysine/DNA 
conjugates, and other physical techniques. Viral gene 



transfer vectors make use of the inherent efficiency of 
viruses to transfer and express their genetic information 
m mammalian cells (for review, see Ref. 27). As now 
envisioned, hematopoietic stem cells from an affected 
patient could be infected with an appropriate viral 
vector containing a correctly functioning globin gene 
we will describe cuiTem work with retrovirus and the 
parvovirus, adeno-associated virus, as potential gene 
transfer vectors. 



Retroviral Vectors 

Retroviruses contain a single-stranded RNA ge- 
nome that, upon entry into a cell, is converted into a 
double-stranded DNA before its integration into the 
host cell chromosome. Early interest in these viruses 
stemmed from their ability to induce tumors by inser- 
tional mutagenesis. The integrated pro vims, containing 
its own powerful transcriptional elements, is thought to 
activate nearby proto-oncogenes or inactivate tumor 
suppressor genes. To avoid the possibility of wild-type 
retroviral infection, packaging cell lines are used to 
produce replication-defective recombinant retroviral 
particles. Vector and packaging cell strategies have been 
well documented (27). 

Globin Retroviral Vectors. Transfer of genomic 
human globin sequences using retroviral vectors has 
evolved with both the development of improved pack- 
aging cell lines and greater undemanding of globin 
gene regulation. Initial experiments utilized a 3.0-kb 
fragment of genomic /3-globin into an ecotropic vector 
in both orientations (28). A neomycin resistance gene 
in those constructs was employed to rapidly screen for 
high titer producer clones subsequently used to generate 
infectious recombinant retroviral virions. The marker 
also facilitated isolation of target cells transduced by 
the retrovirus. Only the reverse orientation construct 
was functional and sufficient for proviral integration 
and subsequent viral production. Individual clones con- 
tained a single transferred provind copy. Human 0- 
globm transcripts were detected and the level of express 
sion increased in dimethyl sulfoxide-induced MEL 
clones. Dimethyl sulfoxide, hemin, and other agents 
have been used in several human and murine leukemic 
cell lines to induce 0-g)obin cluster gene expression. 
Furthermore, negligible globin expression was detected 
in 3T3 fibroblasts, indicating (hat the construct carrying 
a 0-globin promoter contributed to erythroid-specific 
expression. The level of expression (compared with 
endogenous murine /J-globin expression) was approxi- 
mately 0.01%. Similar experiments using an ampho- 
tropic vector containing a neomycin resistance gene 
with a -HS globin hybrid were used to infect MEL cells 
with human 0-gIobin expression at 10% of the endog- 
enous induced expression (29). In both instances viral 
titer was low and the provirus rearranged in some of 
the clones tested. Constructs containing portions of the 
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5 untranslated region and intron 2 in the reverse 
orientation interfered with generation 0 f full-length 
transcripts and yielded low titer recombinant virus (30) 
™ e J*T° n COul< ? rem ° v «l. but the intron 2 was 
express,on ' Reve «e orientation globin con- 
structs may contam polyA termination signals, possibly 
accounting for abbreviated tanscription^nd low tite* 
virus generation, 

Examination of retro virally transduced 0-globin in 
human hematopoietic cells demonstrated gene transfer 
and expression in crythroid colonies, (burst-forming 
unit, erythroid) (31). Expression reached 5% T thf 

RN a T n0U lJ gj0b,n in SCVeral pooled col <"»es using 
52T. P 5? Cta " — y - Expression was determined by 
using a «-base paxr insertion ("marking") at the 5' 
untranslated region to allow detection of the transferred 
£2 , a fre< ? uenc y w " 1°* (0-04%) and attrib- 

ult/m. a ° W V ' ral J Uter (5 * l0< «>'°ny-forming 
units/ml). A truncated 0-globin minigene (lacking in 
trons) was also tested in MEL cells but expressed at 
undetectable levels regardless of the orientation 

The first in vivo experiment described a recombi- 
^nil 61 .™" 1 ^ nstruct encoding a human 0-globin 
gene that was used to infect murine hematopoietic cells 
and I reconstitute transplanted mice (32). Expression was 
hmited Primarily to the erythroid lineage and varied 
from 0.4% to 4 0% of the endogenous mouse 0-gIobin 

r { a, ~ C prov,Tal copy number P«r ceU ranged 
from 0.02 to 0.40 copies/cell, found ^all lineage? 
. Long-term human 0-globin gene expression was de- 
tected in transplanted animals at 4-9 months The 
infection rate was low (|g of 104 animals reconstituted 
witn infected bone marrow), which indicated that the 

rTn-T i nf ?* 0n - condi,ions n< *ded to be optimized 
(increased viral titer, enrichment of pluripotent cells 
ana induction of quiescent stem cell cycling) 

rf. m « 0 1 firm f^ ry , expen ' n,ents in several laboratories 
demonstrated 0-g]obm retroviral transfer in murine 

5S"? C cc,,s < 33 ' 34). Long-term expression in 
all lineages from secondary recipient animals indicated 
that plunpotent stem cells rather than committed pro- 
genitor cells were infected. Co-culiuring conditions for 
bone marrow target cells with recombinant retrovirus 

Z??'A Cly thr ° Ugh Xhe indusion of hemato- 
S2f Zv ^ faCt ° K l ° $h0rten G <> and P rom °w entry 
into cell cycle required for retroviral replication and 

n U ^ U ° n , (35) - Dc&pite improved traduction S 
quency in plunpotent bone marrow cells, globin expres- 
sion still ranged from 1% t0 S% of the" endogeS 

nankin S^&S^^n LCR rC8U,atory elemen " 
n7«, k ! I genc c,uster su 8gested a new ap- 

Sj T ™°r deU8n ° f retrovi^,,1 vectors < 36 >- 'ndivtd. 
ual LCR fragments were included within a marked 0- 
globm/neomycin gene cassette and used to generate 
recombinant amphotiopic virions infectious for MEL 



cells (37) One construct incorporatinc an W<5? 

aTfis?? ,evei ^KKa 

proviral rearrangement or deletion. A recent report 
describes the use of a 36-base pair sequence e^m 
passing the NFE-2 binding site within^he HS2 n^on 
hnked to human 0-globin (38). The level 0 f £X°n 
expression increased marginaUy from 6.0% tol2 0% 
with the addition of the enhancer element Viral titers 
were again low, and introduction of multiple copies of 
the 36-base pair fragment promoted gross proviral re- 
arrangement. 

Generation of an ecotropic retrovirus containing 
an LCR cassette with truncated HS 4, 3, 2, and I sites 

• n SS» to a .^ Uman ^ globin yielded 60 - 70 % expression 
IS ; lls T compared endogenous murine globin 
expression. Transfer .nto murine hematopoietic pro- 
genitors and subsequent transplantation into lethally 
rradiated recipients resulted in human ^globin expres- 
s on. These experiments suggest thai inclusion of LCR 
elements may support high level 0-globin gene expres- 
sion m munne hematopoietic stem cdls; however sig- 
nificant rearrangement of the pro virus occurred' and 
the vectors employed yield low recombinant viral titers 

.«..-££ By -« < ? a,Icrnative **** v «lOrs currently 
available either do not integrate into host cells at high 
frequency are not easily rescuable from the integrated 
state, are limited in their host range, or include other 
viral genes, thereby creating a need for the development 

rh, 3 h» , an ?»^ C,eDt Vil ? VCCl0r System - We fe* 1 
tne human DNA virus, adeno-associated virus ofTers a 

promising alternative to the currently utilized vectors 
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Adcno-Assoctated Virus 

, Adeno-associated virus (AAV) is a defective mem- 
ber of the parvovirus family. The AAV genome is 
encapsulated as a single-stranded DNA molecule of 
plus or minus polarity (40, 41). Strands of both polari- 
ties are packaged, but in separate virus particles (42) 

£.^™E UKb i ? f f ti0US (43) " The "'ne'e- 
stranded DNA genome of the human virus AAV-2 is 

4675 base pairs in length (44) and is flanked by inverted 

terminal repeated sequences of 145 base pairs each (45) 

The first 1 25 nucleotides form a palindromic sequence 

that can form a T-shaped hairpin structure and can 

exist m either of two orientations (designated flip or 

2» ;J?A A T qUC StruC . Wre has ,ed 10 thc suggestion 
(46) that AAV may replicate according to a model first 

proposed by Cavalier-Smith (47) in which the termiS 

hairpin of AA V ts used as a primer for the initiation of 

DNA rephcanon. The AAV sequences that are required 
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in cis for packaging, integration/rescue, and replication 
of" viral DNA appear, to be located within a 191-base 
pair (bp) sequence that includes the terminal repeat 
sequences (48, 49). 

The viral DNA sequence displays two major open 
reading frames, one in the left half and the other in the 
right half of the conventional AAV map (43). At least 
three regions which, when mutated, give rise to phe- 
notypically distinct viruses have been identified in the 
AAV genome (50): The rep region, which occupies the 
conventional left half of the genome, encodes one or 
more proteins that are required for DNA replication 
and for rescue from the recombinant plasmid. The cap 
and lip regions appear to encode for AAV capsid pro- 
teins; mutants within these regions are capable of DNA 
replication but do not produce virus (50). AAV contains 
three transcriptional promoters, p5 t pi 9, and p40 (45. 
51-53). 

AAV-2 can be propagated as a lytic virus or main- 
tained as a provirus, integrated into host cell DNA (54). 
In a lytic infection, efficient replication requires coin- 
fection with either adenovirus (55. 56) or herpes sim- 
plex virus (57)— hence the classification of AAV as a 
"defective" virus. When no helper virus is available. 
AAV can persist in the host cell genomic DNA as an 
integrated provirus (58, 59). Virus integration appears 
to have no apparent effect on cell growth or morphology 
(60, 61). Studies of the physical structure of integrated 
AAV genomes (59, 62) suggest that viral insertion into 
the host chromosome is usually in a tandem head to 
tail orientation and occurs within the AAV terminal 
repeated sequence. Integrated AAV genomes are stable, 
persisting in tissue culture for greater than 100 passages 
(59). Although AAV is a human virus, its host range 
for lytic growth is unusually broad Virtually every 
mammalian cell line evaluated (including a variety of 
human, simian, canine, bovine, and rodent cell lines) 
can be productively infected with AAV, provided that 
an appropriate helper virus is used (i.e., canine adeno- 
virus in canine cells) (54), These same cells are also 
capable of establishing an AAV latent infection in the 
absence of helper. 

Despite the wide range of susceptible cell types, no 
disease has been associated with AAV in either human 
or animal populations (63), even though exposure is 
commonplace. Anti-AAV antibodies have been found 
frequently in humans and monkeys. Estimates suggest 
that about 70-80% of infants acquire antibodies to 
AAV types 1, 2, and 3 within the first decade; more 
than 50% of adults have been found to maintain de- 
tectable anti-AAV antibodies. AAV has been isolated 
from fecal, ocular, and respiratory specimens during 
acute adenovirus infections, but not during other ill- 
nesses (64). 

Infectious AAV Clone. We initially cloned intact 
duplex AAV DNA into the bacterial plasmid pBR322 



(65) and found that the AAV genome could be rescued 
from the recombinant plasmid by transfection of the 
plasmid DNA into human cells with adenovirus 5 as 
helper. The efficiency of rescue from the plasmid was 
sufficiently high to produce yields of AAV DNA com- 
parable to those observed after transfection with equal 
amounts of purified virion DNA. The AAV sequences 
in the recombinant plasmid could be modified, and 
then "shuttled" into eukaryotic cells by transfection. In 
the presence of helper adenovirus (Ad), the AAV ge- 
nome was found to be rescued free of any plasmid DNA 
sequences and replicated to produce infectious AAV 
particles (65-68). This developed an approach for mu- 
tant construction (67) that enabled us and others to 
explore viral gene function (43, 69), and to identify the 
cis-acting sequences needed for AAV rescue, replica- 
tion, packaging, and integration (49). 

AAV has been tested as a viral vector system to 
express a variety of genes in eukaryotic cells Hcrmonat 
and Muzyczka (69) produced a recombinant AAV 
(rAAV) viral stock in which the neomycin resistance 
gene (nco) was substituted for the AAV capsid region 
and observed rAAV transduction of neomycin resist- 
ance into murine and human cell lines. The stable 
integrated viral vector could be rescued to produce 
replicating rAAV sequences after superinfection with 
, Ad and wild-type AAV. Tratschin et al. (70) created an 
rAAV that was found to express the chloramphenicol 
acetyltransferase gene in human cells under the AAV 
p40 promoter. LaFace et al. (71) observed gene transfer 
into hematopoietic progenitor cells using an AAV vec^ 
tor. Wondisford et al. (72) cotransfected cells with two 
different recombinant AAV vectors, each encoding a 
subunit of human thyrotropin, and observed expression 
of biologically active thyrotropin. 

The desirable size of inserted non-AAV or foreign 
DNA is limited to that which permits packaging of the 
rAAV vector into virions, and this depends on the size 
of retained AAV sequences. Tratschin el aL (70) con- 
structed an A A V/chloramph enicol acetyltransferase ge- 
nome that was 3% (approximately 150 nucleotides) 
longer than the wild-type AAV genome, and found that 
it could be packaged into virions. An AAV genome too 
large to be packaged resulted from insertion of a 1.1- 
kbp fragment of bacteriophage-X into a nonessential 
region of AAV (R. J. Samulski and T. Shenk, unpub- 
lished). Thus, the total size of the rAAV to be packaged 
into virions should be about 4800-5000 nucleotides in 
length. 

As mentioned above, several AAV vector systems 
have been designed that contain a recombinant plasmid 
capable of being packaged into AAV particles. The 
recombinant virus generated then functions as a vector 
for stable maintenance or expression of a gene or a 
DNA sequence in eukaryotic cells when under control 
of an AAV or SV40 transcriptional promoter. However, 
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a common problem encountered in all these AAV 
vector systems has been the inability to produce recom- 
binant virus siocks free of helper AAV virus. Various 
methods have been used in attempts to decrease the 
percentage of contaminating helper virus (73). This 
problem has been a imyor drawback in the use of AAV 
as a prevalent viral vector. Our recent work, however, 
has succeeded in generating high titer viral stocks that 
are free of helper virus. 

AAV Vectors. We have recently developed a 
method for producing substantially helper-free stocks 
of rAAV that can be used to efficiently and stably 
transduce foreign genes into host cells or organism's 
(49). Our present method for producing recombinant 
stocks is directed toward producing a vira! expression 
vector system with improved efficiency, applicability, 
definition, and safety relative to viral vector systems 
currently utilized. The method utilizes a two-compo- 
nent system comprised of functionally, but not struc- 
turally, related rAAV genomes, one of which contains 
a segment of foreign DNA (the vector) but lacks DNA 
sequences necessary for viral replication, and the other 
(the helper AAV) which provides those viral functions 
not encoded by the vector but which cannot itself be 
incorporated into virions. Importantly, the vector and 
the helper DNA are sufficiently nonhomologous so as 
to preclude homologous recombination events that 
could generate wild-type AAV. Along with this devel- 
opment of the vector, we have conducted a study 
characterizing natural AAV integration. In this study, 
we have encountered the unexpected observation that s 
wild-type AAV utilizes site-specific integration when 
establishing viral latency (see below). 

Production of the AAV Vector System. We have 
constructed an infectious adeno-associated viral ge- 
nome that contains two Xba\ cleavage sites flanking 
the viral coding domain (43) (Fig. 2); these restriction 
enzyme cleavage sites were created to allow nonviral 
sequences to be inserted between the cis-acting terminal 
repeats of AAV (49). The AAV helper plasmid termed 
p AAV/Ad contains adenovirus type 5 terminal se- 
quences (107 bp) in place of the normal AAV termini. 
This helper cannot be packaged into AAV virions, since 
it Jacks the terminal cis-acting domain required for this 
function. The AAV terminal sequences were originally 
substituted with adenovirus terminal sequences in 
pAAV/Ad so as to transcriptionally enhance AAV gene 
expression (74). This hybrid plasmid did not contain 
the Ad packaging sequences (75) and therefore could 
not be packaged into Ad virions either. 

The presence of the adenovirus termini substan- 
tially enhanced the expression of AA V-specifk proteins 
from pAAV/Ad DNA when compared with pAAV/no 
TR (DNA which contained neither adenovirus nor 
AAV terminal sequences). When the helper plasmid 
pAAV/Ad and a vector pAAV/NEO were co-trans- 




Bgur« 2. Generation of heipeMrBe recombinant adeno-associated 
virions A producer coll line is oo-lrantfected with VKjIper* end reeom- 
bnant(rAAV) pjasrnkfa. Helper ptasnUd generates repand Sp p%£> 

fexTK^? 8 rep,ICatton P***ing functions (see 



fected into human cells in the presence of adenovirus 
rescue and replication of the AA V/NEO sequences 
were detected. The vector viruses generated from this 
complementation contain only the terminal 19 J nu- 
cleotides of the viral chromosome, demonstrating that 
all cis-acting AAV functions required for replication 
and virion production are located within that region. 
Recombinant viraj DNA canying a drug resistance 
marker gene were integrated into the cellular genome. 
These transduced genes could not be excised and rep- 
licated when the cells were subsequently infected with 
adenovirus, suggesting another level of safety (49) 
Thus, the AAV termini (145 bp) are sufficient for 
integration of the AAV chromosome into a host cell 
genome. No AAV gene expression is required to estab- 
lish a latent infection using this vector, and up to 70% 
of the cells can be transduced. 

Stte-Spcdflc Integration. The proviral integration 
form of wild-type AAV is a unique feature of this virus 
Initial studies characterizing the AAV proviral state 
using restriction digestion and Southern blotting of 
genomic DNA demonstrated that the provind DNA 
was covalently linked to cellular DNA in tandem con- 
catamers (59, 76). These results have been confirmed 
and extended by the development of a protein-DNA 
binding enrichment technique used to isolate AAV 
proviral DNA from latent human cell lines (77). The 
strategy for retrieving AAV-celluJar junctions involved 
a protein filter binding procedure that relied upon the 
interaction between X repressor and its operator se- 
quences. An infectious recombinant clone was used to 
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generate an AAV-\ hybrid that contained ihe A operator 
site. The recombinant virus was used to establish la- 
tently infected AAV- A cell lines. Genomic DNA iso- 
lated from the latent cell lines digested with restriction 
enzymes were mixed with purified X repressor protein 
and passed over a membrane filter. Southern hybridi- 
zation analysis of the retained fragments showed a 
physical linkage between AAV proviral DNA and cell- 
ular sequences. Nucleotide comparison of clonal cellu- 
lar sequences demonstrated viral-cellular junction re- 
arrangements involving deletion of portions of the ter- 
minal repeats. An unrearrangcd preintcgration junction 
cellular sequence used as probe confirmed the sequence 
location at chromosome 19. Polymerase chain reaction 
amplification using AAV and junction-specific primers 
generated viral/junction breakpoints that lay within a 
100-bp sequence on chromosome 19. In situ analysis 
of latently infected cell chromosomes using AAV-spe- 
cific probes further demonstrated that viral DNA inte- 
grated into only one locus. Both single and multiple 
copy number insertion patterns were located within this 
integration region. 

The minimal elements required for AAV integra- 
tion are currently being delineated. AAV vectors con- 
taining only the inverted terminal repeat integrate at 
high frequency, suggesting the importance of the in- 
verted terminal repeat for integration. This also indi- 
cates that AAV integration relies on host cellular en- 
zymes. Furthermore, work in our laboratory demon- 
strated the lack of site-specific integration with 
recombinant vectors containing only AAV termini (78). 
Taken together, this would imply that viral irans-acung 
factors are required for site-specific integration. Since 
limited amplification of the AAV genome is required 
for integration, the AAV rep proteins described previ- 
ously are likely candidates for this function. 

Since this iniu'al observation, wc have documented 
site-specific integration in a number of cell types (hu- 
man T cells, colon, lung, and monkey kidney cells). 
Our preliminary characterization of this chromosomal 
region has revealed that (i) this sequence is highly 
conserved in primates, (ii) this chromosomal sequence 
appears not to be expressed in either latent or non- 
latent HeLa cells, and (iii) the integration site maps to 
the Q arm of chromosome 19. Extensive characteriza- 
tion of this chromosomal region will be essential in 
understanding regulation of rAAV transduced genes. 
For this reason, we have recently isolated two overlap- 
ping cosmid clones that hybridize to the chromosome 
1 9 integration sequence (N. Epstein and R. J. Samulski, 
unpublished results). Further analysis of this region 
should be illuminating regarding both the integration 
mechanism and the potential of targeted gene delivery. 

AAV Vectors Expressing Globin Genes. During 
our characterization of AAV vectors for targeted inte- 
gration, we initiated a study to test this minimum AAV 



vector for the efficient transduction and expression of 
globin gene sequences in the erythroid cell line K562. 
We constructed an rAAV vector containing the human 
-Aglobin gene, marked with a 6 nt deletion in the 5' 
untranslated region to allow its transcript to be distin- 
guished from native y-globin transcripts (Kg. 3). The 
globin gene was linked to a 400-nucleotide DNA frag- 
ment containing LCR site 2, and a bacterial neomycin 
resistance gene used for selection. Site 2 alone has been 
shown to confer high level globin gene expression in 
erythroleukemic K562 cells (see Regulation of Globin 
Gene Transcription) and when treated with hemin, 
these cells can be induced to differentiate and increase 
expression of c- and -y-globin genes (79). 

We used the packaging strategy describe above 
(Production of the AAV Vector System) to generate 
AA V/globin hybrid virus. Recombinant virus was ti- 
tered using human fibroblast target cells in the presence 
of genclicin (HeLa and/or Detroit 6) (78). Unconcen- 
trated titers ranged from 10* to 10 5 neomycin-resistant 
colonies/ml. Southern analysis of low molecular weight 
DNA revealed no detectable wild-type particles using 
this protocol. 

The erythroid ceil line IC562 was then infected with 
the recombinant virus and neomycin-resistant colonies 
were obtained (78). A polyclonal population of 30 
isolated clones as well as individual clones were chosen 
for further study. First we characterized the configura- 
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Figure 3. Construction of the rAAV/HS2/y^/Neo^0oo!n ptaemid 
(A) Schematic representation of the human 0-globJn duster The five 
functional genes ere frxllcated. Arrows Indicate the locations of the 
major DNasel altos. The HS2 fragment and the Y*-globffi gene used 
In the vector are shown. (B) MS2 fragment, marked j** gene (with 
the 6 bp deletion) end the Neo* gene cassette sufceJoned into the 
recomnlnani AAV backbone. 
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tZ?*? I^f""^ AAV ^«»bin genome. Digestion 

i'S2S?2 ragment WMch corres P°^«l to a single, 
unreacraneed prov,™! copy per cell. The K562 cell Kn e 
which ,s tnploid at chromosome 1 1 (location of the 
globin cluster) by karyotype analysis ( 7? e^ as a 
control when estimating the AAV/g| 0 bin copy Z££ 
of indivtdual clones. Individual clones dieted and 

tt SSTli" rCVealed one t0 coSes of 

2f«ST*? CBd BCne ce,L No ^arrangement of the 
SSl"T d ^ detecTed in either individual or 
d£?£r dem ° nStratin * ability of the trans- 

As mentioned above, preliminary data from our 
aboratory mdicates that AAV transducing vecwrTcon- 
lajning only the viral terminal repeats do'noT target to 
l9 ^ She ^ if ' c 'n^tion). wfal o 
chro^^ 0m ,'o d,8eS ^ 0f theg, ° bin ^ombinants with 
th. nT ' . ,9 ' specific P~be to further characterize 
i„1.r lnle 8 R,tion *n cells. As expected 

Std^m,^ ,n ^ aPPCared 10 haVe in - 
/. w . R . Nas « P role ««on assays demonstrated both basal 
(unrnduced) and hemin-induced expression ofSt 
marked globin 6 ene. Endogenous anc I tratSuced y* 

Rs5 ™TiT? m ldent ^ led * predictcd 

145 m and I 7 nt, respectively. As shown in Figure 4 
a strong s,gnal at 145 n, represented transcription from 
he endogenous 7 -gIobin genes present in K562 cell 
me. The probe measured both y * and >° endogenous 
transcripts. Assuming that all six endogenous copied 

SZ*JV CXPr ^ Cd ' We measured unind "*d exprel 
«on of the marked gene to be 70% that of a Sm d e 
endogenous gene which, with hemin induction, rose to 
Laminar ™™<»*>™4 «i«ue culture lines were 

fi. 3 * ° r 'AAV/KS62 signal) but detectable signal was 

To further verify these results, messenger RNA 
a " aI ^ -ng the polymX £?£ 
reaction (PCR). We determined previously the tran 
scnpt.onal sun site of the markeS Ag globin geneTn 
orim^ K ^ CC,,$ by 8 Primer extensionT pcS 
EES fro™ ^ gnCd Cytoplasmic RnJ 

3,^"^ amp,if,ed USin « Primere lhat 
anneal o both endogenous and marked globin genes 

The 6 n, deleuon enabled resolution of these tmnsS 

Lm^ i ^ ya !7 la r de - Urea gels - Both ""induced anS 
dSSll^ 1 ^ ana1 ^ -ith mock-trans- 
■ k Servmg as a P ontro1 - The marked 

transcript was detected in all clones tested 

oar a h.! a ,?^ ti0, i ° f RNA meSSa * e ^ ^ ™« com- 
Parable to that determined by RNase protection and 
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confirmed high level expression of the transduced A* 
gene, including induction by hemin. SI primer ext£ 
s on experiments confirmed that the correct dobin start 
« w a s us^i in the proviral state, 5T52 cm the 
po^bUity that the regulated globin expression we ob! 

r« , C ? nSt , rUCt W3S dUC 10 *"» ^gulatory 
sequences (LCR2) and not viral sequences or chromo- 
somal posiQoning, we constructed an AAV/giobin hy. 

the I PR*? ^ !° lhC ° ne dttcribed ab0 ^ minus 
the LCR2 site. Similar characterization of these trans, 
duced genes indicated a marked reduction in Hobin 
expression as expected gl00in 
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These results represent the first viral-based intro- 
duction in which correct levels and regulation of ?- 
globin gene expression were achieved in an erythroid- 
derived ceil line. High level, regulated globin expression 
was obtained when using a construct containing the 
LCR site 2. The LCR/globin construct efficiently inte- 
grated into the genome without rearrangement in all 
clones studied. (Recent extensive data from our labo- 
ratory suggests approximately 10-20% rearrangement.) 
Moreover, the messenger RNA expression of the trans- 
duced gene was comparable to endogenous 7-globin 
levels. The correct globin start site was utilized in the 
transduced gene, and tissue-specific expression (which 
was hemin inducible) was maintained. 

The rAAV model can also be used to study the 
effects of specific mutations in the regulatory HS2 
element on globin transcription (80). Specific muta- 
tions within the HS2 region of the rAAV/y A /^ob\n 
vector described in Figure 3B were constructed, and 
neomycin-resistant clones containing the rAAV ge- 
nome present in single copy were evaluated. Mutations 
within the NFE-2 binding motif resulted in a marked 
reduction of hemin-induccd expression of the trans- 
duced globin gene when compared with expression 
from constructs containing the native HS2. In contrast, 
another set of mutations in the GAT A- 1 motif, which 
prevent binding of GATA-1, had no effect on basal and 
hemin-induced expression from the transduced globin 
gene. Other analyses of HS function rely on gene trans- 
fer methods which result in multiple copy integrants, 
and cooperative interaction between tandem gene cop- 
ies are difficult to exclude. In this respect, the rAAV 
model is superior in thai over half of the evaluable 
clones containing the native and mutant HS2 element 
had a single unrearranged copy of the rAAV genome. 
This single copy rAAV transduction model may also 
useful for evaluating other regulatory elements and their 
effects on the transcription of genes linked in as. 

This suggests that recombinant AAV vectors can 
be used effectively for the transfer of globin genes into 
human cells. Previous work has demonstrated that 
AAV vectors are capable of transducing a selectable 
marker into murine hematopoietic progenitor cells (7 1 ), 
Moreover, we have generated and lested an AAV vector 
carrying B19 viral coding sequences for infection in 
erythroid progenitor cells from human bone marrow 
(81). BI9 is an autonomously replicating parvovirus 
shown to be the etiologic agent of various clinical 
disorders in humans (hydrops fetalis, polyanhralgia 
syndrome, and transient aplastic crises associated with 
various hemolytic anemias). This parvovirus has so far 
been shown to replicate only in erythroid progenitor 
cells in human bone marrow. Using the recombinant 
AAV vector carrying the B19 coding sequences, rAAV 
stocks demonstrated that the AAV-bascd vector was 
capable of infecting human bone marrow cells (81). 



Furthermore, the recombinant B 19- AAV hybrids in- 
hibited erythroid hematopoietic colony formation, in- 
dicating the expression of B 1 9 genes. 

We have recently demonstrated transduction of 
both rAAV and wild-type AAV human pluripotent cells 
(S. Goodman, unpublished results). rAAV carrying a 
0-galactosidase gene were capable of infecting CD34* 
selected bone marrow cells, as assessed by DNA PCR 
analysis of progenitor colonies derived from CD34* 
cells grown in methylcellulose. Incubation of wild-type 
AAV with CD34+ selected cells demonstrated site-spe- 
cific integration on chromosome I9q. rAAV vectors 
containing LCR-globin cassettes are currently being 
tested to transduce human and primate CD34* selected 
bone marrow cells. Gene transfer with rAAV into ani- 
mal tissue has not yet been demonstrated. 

r 

Safety Issues 

The safety of retroviral gene transduction has been 
reevaluated in murine and primate models. Most retro- 
viral vector systems employ components of the Molony 
murine leukemia virus, known to induce T cell leuke- 
mia and lymphomas in mice (82). Initial investigations 
suggested no apparent pathologic affects of murine 
amphotropic replication-competent vims in primates 
(83, 84). However, a bone marrow transplantation/ 
gene therapy experiment in primates using a high tiler 
recombinant retrovirus contaminated with a moderate 
titer of wild-type retrovirus induced a rapidly progres- 
sive T cell lymphoma in three of 1 0 animals tested (85). 
Over 50-100 copies of the wild-type replication-com- 
petent provirus were detected in the tumor DNA. im- 
plicating viral insertional mutagenesis as the pathogenic 
mechanism. The use of newer retroviral packaging sys- 
tems to reduce or eliminate wild-type retrovirus is an 
absolute necessity for human use (86). 

One of the salient features of the AAV system is 
the Jack of any demonstrable pathology to the host cell. 
As mentioned previously, no epidemiologic evidence 
currently exists linking AAV to human disease. The 
potential toxicity of rAAV in animals is unknown. 
Wild-type adenovirus, required for the generation of 
rAAV, is capable of causing disease in immunocom- 
promised hosts. rAAV packaging systems will need to 
be modified to eliminate adenoviral contamination. 

Summary 

Gene transfer of human globin genes into human 
pluripotent stem cells via viral vectors may soon be 
realized. The high level of globin gene expression be- 
lieved to be required for the treatment of severe hem- 
oglobinopathies necessitated the inclusion of cis-acting 
sequences (LCR). Retroviral vectors containing the 
LCR elements are prone 10 rearrangement, low titer, 
and poor expression. Inclusion of a M minilocus" con- 
taining four HS sites linked to a globin gene resulted in 
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higher expression in transplanted mice, but re- 
arrangement of the provirus still occurs, and it is un- 
clear what significance these experiments have with 
regard to human marrow stem cell transduction. 

Recombinant AAV is among the newest of genetic 
transfer vectors. This once obscure virus possesses 
unique properties that distinguish it from aJl other 
vectors. Its major advantage is the lack of pathogenicity 
in humans. Wild-type AAV has the unusual ability to 
selectively integrate into the mammalian genome at a 
specific region, thus reducing the concern for genomic 
disruption and insertional mutagenesis. The ability of 
AAV to carry regulatory elements without interference 
from the viral template may enable greater control of 
transfeired gene expression. Disadvantages currently 
include the inferior packaging systems which yield low 
numbers of recombinant virions which are contami- 
nated with wild-type adenovirus. The small AAV ge- 
nome that can be packaged (~3 kb) rules out its use for 
transfer oflaiger genes. Recombinant AAV viruses do 
not appear to demonstrate the same site-specific gen- 
omic integration as wild-type viruses. Elucidation of 
the mechanism of site-specific integration should prove 
useful in the development of safe vectors for gene 
transfer as well as provide insight into the nature of 
DNA recombination in humans. 
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LYMPHATICS AND BLOOD VESSELS 

FB^^^SS 1 ^^ HEMANGIOGENESIS- 
FROM CELL BIOLOGY TO CLINICAL MEDICINE 

M.H. Wittc f C.L. Wittc 



ABSTRACT 

The post IS years have witnessed 
on explosion of knowledge about olood 
vascular endothelium due in large pari 
to in vitro growth of endothelial cells 
from both large blood vessels and capiU 
'iries. In contrast. Utile comparable in- 
amotion has accumulated on endotheli- 
um of lymphatics, which lie In intimate 
contact with parenchymal cells and drain 
excess fluid, macromoiecutes, particles 
and immunocompetent cells in a continu- 
ous recirculation between tissues and 
bloodstream. While structural and func- 
tional differences between the two vascu- 
lar systems have oeen described in vivo, 
m ttssue sections, and in isolated prepar- 
ations, similarities are notable in ult re- 
structure, biochemistry, physiology, and 
pharmacologic responsiveness, and these 
may predominate under pathologic con- 
ditions. In 1984, three separate groups 
described in vitro culture of lymphatic 
endothelial cells from collecting ducts 
and cavernous lymphangiomas. Lym- 
phatic, like blood vascular, endothelium 
grows in confluent monolayers, 'sprouts", 
synthesizes Factor V II I -associated anti- 
n and Jibronectin, and ultrastructurally 
shon's Weibel-Palade bodies; overlapping 
intercellular junctions and anchoring 
filaments typical of lymphatic endotheli- 
um are also found. Genetic, congenital, 
and acquired disorders such as strangu- 
lating fetal nuchal cystic hygromas 
(Down and Turner syndromes) , vascular 
tumors and dysmorpha genesis (Maffucci 



and Klippel-Trenaunay syndromes); 
Kaposi s sarcoma, lymphogenous and 
hematogenous spread of cancer, and 
parasitic infestations such as filariasis, 
share overlapping abnormalities in for- 
mation, growth, and for •neoplasia of lym- 
phatics and blood vessels: In these and 
similar clinical disorders, confusion often 
exists as to (he nature of the cell or 
tissue of origin, and insight into the role 
and control of hemangio genesis and 
lymphangiogenesis is stilt in its infancy. 
Nonetheless, with the ever widening, array 
of investigative techniques, it is not only 
timely but imperative to explore the 
endothelial biology underlying these 
inborn and acquired disorders. 

Blood and lymphatic vasculatures arc 
closely intertwined in embryonic develop- 
ment and respond r 0 many similar stimuli 
in the microenvironmcnt (e.g. ischemia, 
inflammation, and neoplasia). The two 
circulations work together in an integra- 
ted fashion in the uptake and transport 
of interstitial liquid and rnacromoJecuJes 
such as extravasated plasma proteins and 
ingested lipids, which recirculate between 
lymph, blood, and tissue. Distinct mi-, 
gration streams of immunocompetent cells 
interchange at various points in the 
"blood-lymph loop." Anatomic connec- 
tions exist or open up between the two 
as lymphatic-venous communications, 
which function normally (viz. thoracic 
duct -jugular venous junction) or become 
operational under physiologic and patho- 
logic conditions (e.g.. carcinomatous 
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venous or lymphatic obstruction, or in 
portal hypertension from alcoholic cir- 
rhosis). While lymphatics closely resem- 
ble blood vessels on tissue section, they 
arc more thin-walled attenuated structures 
containing bloodless fluid, and they 
ultrastructurally exhibit overlapping inter- 
cellular junctional complexes, specialized 
anchoring filaments, and discontinuous 
or absent basal lamina (I). Permeability, 
surface charge distribution, vesicular ma- 
cromolecular movement, lipid absorption 
and transport, intrinsic contractility, and 
vasoresponsiveness of the two vascula- 
tures are distinct in some respects, vary 
from organ to organ, and also may over- 
lap. 

The vascular endothelium is the 
crucial interface between circulating blood 
or lymph and the tissues. Two decades 
ago only surmised by Lord Florey to be 
more than an inert passive membrane or 
in "nucleated cellophane", endothelium is 
now recognized as the biologically active 
mentor of the microcirculation and of 
tissue homeostasis — originating, receiving, 
translating, transducing, and transmitting 
physical and chemical messages to and 
from different parts of the body. The 
ability to culture large and pure endothe- 
lial cell populations not only from major 
blood vessels but since 1979, also from 
human capillaries has produced an explo- ., 
sion of knowledge (1-3). Despite differ- 
ences among species and organs, blood 
vascular endothelium (BVE) exhibits 
remarkably consistent morphology and 
function in vitro mimicking its structural, 
synthetic, and transport properties in 
vivo and in isolated vascular prepara- 
tions. In culture, endothelial cells grow 
as confluent monolayers with characteris- 
tic cobblestone appearance, which under 
appropriate conditions sprout and form 
tubules, that is, display "angiogenesis in 
vitro/ 1 Distinctive ultraslructural fea- 
tures mirroring those found in tissue - 
section include intricate intercellular junc- 
tions, micropinocytolic vesicles, interme- 
diate filaments, and Weibel-Palade 
bodies, which are thought to manufacture 
or store Factor VI JI- associated antigen 
(Factor V1IIAA). On immunohislochemi- 



cal examination, endothelial cells contain. 
Factor VM-associated antigen, angioten- 
sin-coveriing enzyme, and extracellular 
matrix components such as fibronectin, 
all of which in addition to prostacyclin *. 
and many other vasoactive metabolites 
can be measured quantitatively, after re- 
lease into the supernatant overlying the 
monolayer. 

Considerable attention has been 
directed to a search for angiogenic factors 
controlling blood vessel formation and 
thereby tumor and organ growth. The 
genetic code for one such substance, 
angiogenin, has recently been deciphered. 
Blood vascular endothelium interacts in a 
"symbiotic" relationship with immuno- 
competent cells, directing lymphocyte cell 
traffic and "homing" and also producing 
colony-stimulating activity differentiating 
hemopoietic stem cells into granulocytes 
and monocytes (4). Immunocompetent 
cells as well as fibroblasts and adipocytes 
in turn secrete angiogenic factors and 
share cell surface receptors with endo- 
thelium. Thus, in large part because 
blood vascular endothelium can now be 
isolated in vitro, its role as a structural 
barrier as well as active facilitator of 
small solute and macromolecular transport 
into and out of tissues, as a director of 
cellular migration, as a stabilizer of the 
coagulation cascade, and as a biosynthctic 
factory is now being unraveled. Blood 
vascular endothelial damage and/or repair 
have been implicated in processes as di- 
verse as atherosclerosis, hypertension, 
inflammation, wound healing, ischemia, 
diabetes mcllilus, and transplant rejec- 
tion. 

Yet, in part because of a lack of 
analogous in vitro models, only rudimen- 
tary information is available about the 
highly permeable vascular interface on the 
"dark side", of the blood capillary barrier, 
deep in the tissues, separating circulating 
"lymph" from extracellular matrix and 
liquid and parenchymal cells in lymphoid 
and non-lymphoid tissues. Within this 
oft forgotten sluggish lymphatic-tissue - 
fluid circulation pass surplus liquid, ma- 
cromolecules, particles, and migrating 
cells from the intcrstilium on their way 
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through regional and central lymph nodes 
before returning to the blood circulation 
- (Fig. U. In 1984 for the first time, 
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Lymph Mod* 

/. Blood- lymph loop. There is a continuous 
circulation and recirculation of cells, particles, 
macramotecules, small solutes, and gases between 
blood, tusucS. and lymph. Blood wcular and 
lymphatic endothelium represent crucial interfaces 
in this circulation. Lymph exiting parenchymal 
organs filters through lymph nodes on Us way to 
return thru lymphatic-venous communications to 
(he bloodstream. 

small relatively pure populations of lym- 
phatic, vascular endothelium were isolated 
by our group from ex plants of a massive 
recurrent lymphangioma (5), by Johnston 
from normal bovine lymphatic ducts (6) 
and by Gnepp from canine and human 
cadaveric thoracic ducts (Figs. 2 and 3) 
(7). in culture* lymphatic vascular endo- 
thelium (LYE) from large ducts and 
micro vasculature bears a strong resem- 
blance to BVE, forming confluent "cob- 
blestone" monolayers, sprouting (Fig. 

4) . and staining positively for endothelial 
markers, Factor VIIIAA and Ulex lectin. 
Thus, CI 13. our second nearly pure lym- 
phatic endothelial cell line from a recur- 
rent chylous retroperitoneal lymphangi- 
oma resembles blood vascular endotheli- 
um in staining positively for Factor 
VIIIAA, F-aclin, and fibroncclin (Fig. 

5) , and exhibiting numerous Weibcl- 
Paladc bodies (Fig, 6L) (8). Nonethe- 
less, LVE appears to possess some dis- 
tinctive features: overlapping intercellular 
junctions and abundant intermediate 
anchoring-type filaments typical of lym- 
phatic endothelium (Fig. 6RJ (8). 
Although questions may be raised about 
stromal blood vessels giving rise to some 
of the endothelial cells found in this 



lymphangioma cell line, the same ques- 
tion can be but has not been raised 
about designated blood vascular endothe- 
lial cell cultures from micro vasculature in 
such standard sources as omentum and 
foreskin, tissues rich in lymphatics as 
wcjl as blood vessels. At this point, 
there is every reason to believe that lym- 
phatic like blood vascular endothelium is 
also a vast endocrine organ maintaining a 
lymph-fluid compatible surface and a 
changeable selective interface between the 
lumen and interstitium that is also the 
target for numerous perturbations affect- 
, ing not only its intrinsic structure and 
function but also that of surrounding 
tissues. 

The close interactions between the 
lymphatic and blood vasculature and lym- 
phangiogenesis and hemangiogenesis on a 
cellular and organ level are further illus- 
trated in the clinical manifestations of 
disease. Congenital lymphologic syn- 
dromes of genetic or intrauterine origin 
involving abnormal growth of lymphatics 
often include widespread blood vascular 
abnormalities as in Maffucci's and Klip- 
pel-Trcnaunay syndromes (Figs. 7 and 
8) . These snft tissue hemangiomas and 
lymphangiomas are commonly accompan- 
ied by lymphedema, venous aplasia or - 
hypoplasia as well .as arteriovenous ano- 
malies and striking soft tissue overgrowth 
such as limb hypertrophy and macTodac- 
tyly, likely closely linked to the circula- 
tory disturbances (Figs. 7 and 8). On 
rare occasions malignant vascular trans- 
formation may take place. Blood vascu- 
lar and lymphatic anomalies also coexist 
in Turner's XY gonadal dysgenesis syn- 
drome where webbed neck from regressed 
felal cystic lymphangiomas, extremity 
lymphedema associated with lymphatic 
hypoplasia and aplasia, and coarctation of 
the aorta arc typical manifestations; vari- 
ants of the syndrome also exhibit severe 
intracardiac anomalies. Down syndrome 
(trisomy-21) similarly may present in 
. utero with strangulating cystic hygromas, 
cardiovascular anomalies and lymphedema 
or survive into adulthood with other 
variations of these vascular abnormalities. 
On the other hand, in acquired condi- 
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BOVTNC MESENfEAlC VASCULAR ENDOTHELIUM 



(M.G. Jcfnslon and UA Walker, In Vitro, 1394) 

Fig, 2. Comparison of bovine lymphatic endothelial with bovine superior mistn- 
teric arterial endothelial in tissue culture. The cells in A and B west stained 
with a Hematafour stain kit (Harleco) as follows. The cells were cashed twice 
with PBS end fixed Jar 5 min in methanol. The cells received an to sin solution 
(30s) followed by a thlazine solution (30s) and were then washed wish water. A, 
Bovine, lymphatic endothelial cells, Passage 9: (xl4l). B, bovine mesenteric ' 
artery endothelial celts, Passasfe 4. (xt4l); (6; modified by permission). C and 
D show assay for Factor V Iff -related antigen. C, bovine lymphatic endothelium. 
0, Bovine mesenteric artery endothelium {antibody to luman Factor VI If -rel- 
ated antigen diluted If 10) (6; modified by permission). 



tions such as classical or A IDS- associated 
epidemic Kaposi's sarcoma, abnormal 
•mphatic-venous communications may 
emprise or contribute to the multicentric 
tumor some of its peculiar morphologic 
and immunohistochernical properties as 
well as the associated, lymphedema and 
hemorrhage. On rare occasions, malig- 
nant vascular tumors appear as SlewarU 
Treves syndrome after many years of 
lymphostasis associated with intense he- 



manfiiogenesjs and lymphangiogenesis, 
and lymphangiomatoid changes superim- 
posed on exuberant profuse scarring and 
fat deposition. The latter is well exem- 
plified in filarial infestation, which leads 
to elephantiasis where thickening and 
piling up of the lymphatic as well as 
blood vascular endothelium, intraluminal 
blood or lymph clots, and exuberant 
deposition of underlying scar tissue char- 
acterize the pathologic process and the 
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CANINE THORACIC DUCT 
ENDOTHELIUM 



HUMAN THORACIC DUCT 
ENDOTHELIUM 



(D. Gnapp and Chandfer, In Vitro, 1085) 

J. L, upper, canine thoracic duct culture demonstrating a sheet of uniform 
contact inhibited ton- overlap ping endothelial cells \*Uh typical cooblestane mor- 
phology. (xIJJj. L. lover, indirect immunofluorescence of amine thoracic duct 
endothelial cells demonstrating marked positlvlty of factor VI J I antigen (note 
gramlar cytoplasmic staining (*J89). R, upper, human thoracic duct culture 
demonstrating one nest of typical endothelial cells. Day 9. (x!29), R, tower, in- 
direct immunofluorescence of human thoracic duct endothelial cells demonstrating 
granular cytoplasmic and perinuclear fluorescence. (xl69). (7: used by permis- 
sion). 



host response to the worm and its pro- 
ducts.' These interrelationships between 
lymphangiogenesis and lymphologic syn- 
dromes have been summarized by us rec- 
ently (9), and an analogous intercon- 



nected scheme can be postulated for 
hemangiogenesis and blood vascular syn- 
dromes. 

Endothelial biologists working in 
tissue culture have opened up the pheno- 
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Fig. <*. Photomicrographs (inverted light J dipkting in vitro evolution of lym* 
phatic endothelial cell growth derbted from a resected lymphangioma of the 
Knee. An "early phase displays a loose cluster of endothelium vith occasional 
"sprouting" or branching (A: xJOO). With tune, this sprouting pattern becomes 
mare prominent (B; xJOO) and eventually evo/vcj Into a sheet-like cellular 
aggregate (C.D: x40) wUh Intense "lymphatic like" tumorous branching (EJ; 
xlOO). 



menon of tumor angiogenesis to intensive 
inquiry. In 1972, Folkman (10) first pro- 
posed the concept thai all tumors are 
a ngiogenesis- dependent and once tumor 
take has occurred, ' enlargement of the 
tumor cell population is preceded by 
growth or new blood capillaries converg- 
ing on the tumor. Inhibition of angio- 
genesis* he proposed, might be a thera- 
peutic approach to solid tumors. Interest- 
,g questions have- arisen about the role 
of endothelial mitogens in normal tissues 
and natural mechanisms that restrain and 
inhibit formation of capillary and thereby 
tissue and organ growth- Lymphatic ves- 
sels have been scarcely mentioned in the 
context of "angiogenesis", and some 
workers have even suggested that tumors 
do not contain lymphatics. Nonetheless, 



the parallel development and common 
response of the two vascular systems Lo 
varied physiologic and pathologic stimuli 
suggest, however, that hemangiogencsis 
and lymphangiogenesis go hand in hand 
and that the mysterious growth factors 
stimulating both vasculatures are self- 
generated as well as arise in or arc deliv- 
ered through the neighboring tissue 
matrix; that is, the stimuli are autocrine, 
paracrine, and endocrine." 

Despite the mounting interest in 
tumor angiogenesis. investigation of a 
related process--what we have termed 
"angiotumorogencsis." i.e., the growth 
and development of blood and lymphatic 
vascular tumors- -has been extremely lim- 
ited despite their frequency as cosmetic 
imperfections or as disfiguring or even 
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Fi8. S, indirect fluorescent-antibody labeling using rabbit antihvman JgG shows (he ckaracierUtlc granular pel- 
tern of Factor Vtll-rclated antigen (A) (*J6B) t F~actlA positive microfilament bundles forming * well-organ- 
ized, cytoskeleton stated with NBb-phallotiin (xS9l). all surface-associated filroneetin using rabbit antlhuman 
flbronectln fgG (C) (*I68) t which Ls also deposited extracellular ty (8; used by permission). 



life- threatening tumors of childhood. 
Genetic, congenital and environmental 
influences on endothelial growth, such as 
by hormones and drugs (e.g., estrogens, 
oral con tracep tives), industrial carcinogens 
(e.g., vinyL chloride) and viral agents 
(e.g.. human immunodeficiency virus and 
cytomegalovirus) are poorly understood 
but these agents arc known stimulants of 
endothelial proliferation. DNA transfor- 
mation, and neoplasia. Controversy con- 
tinues aboul the nature of some vascular 
tumors, i.e.* whether they are embryonic 
rests (hamartomas), true neoplasms or 
mere expressions of exuberant angiogen- 
csis. As in Kaposi's sarcoma, different 
areas of the same lesion may appear 
strikingly heterogenous ranging from 
normal vessels to highly anaplastic or 
wildly aberrant structures indistinguish- 
able as lymphatics or blood vessels. 
Moreover, il is unclear whether multiple 
tumors in separated or remote sites are 
multicentric in origin or metastatic. Occa- 
sionally, benign-appearing endothelial 
tumors may exhibit local invasion, recur, 
and even spread (e.g., "benign metasta- 
sizing lymphangioma") . On the other 
hand, benign and even malignant vascular 
tumors sometimes spontaneously regress. 
Unfortunately, immunohistochemical 



studios to detect the presence of intracy- 
toplasmic or cell surface endothelial 
markers (e.g., Factor VIIIAA or base- 
ment membrane components) have pro- 
duced more confusion than clarification 
because of heterogeneity of staining, pos- 
tulated but disputed differences between 
the blood and lymphatic vasculature, in- 
consistent staining techniques, neoplastic 
or non-neoplastic transformation to more 
primitive or aberrant cell types or pluri- 
potcnlial nature of the cells, and presence 
of mixed cell types including mesenchy- 
mal and lymphoid elements. Thus, in 
pari because of the paucity of animal 
models and the lack of in vilra systems 
to study pure populations of tumor cells, 
classification of endothelial tumors of 
lymphatic or blood vascular origin rema- 
ins largely based on morphologic criteria 
and clinical behavior. Although tumor 
modulation by hormones, immunoreguia- 
tory substances, and growth factors 
seems almost within our grasp, detection 
and treatment of these neoplasms has 
progressed, little over the past several 
decades beyond refinement or extension 
of surgical resection. 

Understanding the structural-func- 
tional interrelationships .between the 
blood and lymphatic vasculatures in vivo 
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Fig. 6. Transmission electron microscopy (A-t>) of cultured rumor cells reveals relatively smooth cell sur- 
faces with few microvillous projections, numerous vesicles, and cytoplasm rich with Cofgi and rough endo- 
plasmic reticulum. Abundant Welbel-Palade bodies (A, arrow; B, higher magnification) are seen surrounded 
by bundles of intermediate f'Uaments characteristic of lymphatic endothelium. Higher power detail of inter - 
mediate filaments can be best appreciated In C. Typical macula adherens, overlapping intercellular junc- 
tions are also shown (C.D). (A=xH$SO; B*x4t,8O0: C=x4*,4$0; De*26,6S0) (8; used by permission). 
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KLIPPQ- TRENAUNAY SYTOROME 

/"(g. 7. 3-year-old gut ntUh Klip pel 'Trenaunay syndrome urtohing the right leg. In addition to the char- 
acterbllc port wine nevus and agenesis of the deep venous system, smalt pedal arteriovenous flstufae lym- 
phscintigraphy P^Tc albumin) shows abberranl lateral "pick-up" with a large, dilated truncal "lake" 
reaching the lateral groin only after many ftours. The left (eg is unremarkable. Computed tomography with 
contrast enhancement nggtsts diffuse lymphangiomataus change with little or no edema fluid in the rigid 
leg. 
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Fig. S. 13-year-old girl wilh multiple lymphangiomas including of the back, mediastinum and left axilla. Also 
presem are right arm. hypertrophy, macrodactyty. digital hyperemia. 



and in vitro is key lo unraveling the 
control mechanisms and detailed steps of 
tissue growth and repair Trorn embryonic 
life to senescence. Greater availability and 
variety of in vitro models of normal and 
neoplastic endothelium should provide 
clues to detection of abnormal lymphan- 
giogencsis and' hemangiogenesis (e.g., 
enhanced or inhibited release of distinc- 
tive endothelial products from neoplastic 
endothelium) as" well as more effective 
treatment (such as by angioslatic and 
angioinhibitory agents including naturally 
occurring hormones for chemo- and ra- 
dioresistant vascular tumors or excessive 
scar formation. Isolated in pure culture, 
released from central control and tele- 
scoped in time, such in vitro models 
combined with the tools of molecular 
biology can also be used to explore 
endothelial cell interactions with related 
and distant cell types thereby potentially 
shedding light on disorders as varied as 
transplant rejection, inflammation, hypo- 
plastic lymphedema, scleroderma, diabetes 
mellitus, lymphogenous vs. hematogenous 
spread o( cancer, and limb ischen\ia. 



What these test tube models teach us 
about fundamental biology must then be 
returned lo the body, validated-, and 
applied lo this bewildering array of 
human disorder's characterized by defec- 
tive, exuberant, or uncontrolled heman- . 
giogencsis and/or lymphangiogenesis and 
a wide variety of interrelated and depen- * 
dent phenomena. 
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Summary 

There is comparatively little knowledge of the structure and function of cultured lymphatic 
endothelium. A study was carried out to compare the intrinsic growth characteristics of cultured 
lymphatic endothelial cells with cultured endothelia derived from blood vessels. It was found that 
cultured lymphatic endothelium has growth requirements and growth characteristics similar to 
vascular endothelium. It also possesses FVI1IRA and Weibel-Palade bodies for specific 
identification. The results of this study have pmvided important base line data for subsequent 
studies of the pathobiolugy of lymphatic endothelium. 

Introduction 

In vitro studies in the last 10 years have mainly focused on studies of endothelium derived from 
blood vessels (6) . Such studies greatly advanced our understanding of the role that blood vascular 
endothelia play in blood homeostasis, inflammation, tumour angiogenesis and atherogepesis. In 
vitro studies have established thai vascular endothelial cells are site and organ specific, produce a 
whole range of actWesubstances, and have specific markers for their identification (9). There are 
no studies of cultured lymphatic endothelium on a comparable scale even though it is generally 
accepted that lymphatic vessels play important roles in various pathobiological processes such as 
inflammation, tumour spread and immunologic reactions. Lymphatic vessels are difficult to 
• visualise in ordinary tissue ioctions and functionally regarded as passive conduits for returning 
excess fluid from the interstitial tissue to the main circulation, but how they play an active role in 
(he spread of malignant tumours, inflammation, healing and regeneration as well as immunologi- 
cal reactions is not clear. There is little doubt that in vitro studies of lymphatic endothelium on a 
similar scale to vascu lar endothelium will help to define more specific roles thai lymhatic vessels 
may play in various pathobiological processes. 

The techniques for the culture of endothelia from blood vessels are well established (6). 
Evidence from a few preliminary reports suggests that successful cultures of lymphatic 
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endothelium could be achieved from the same techniques for the culture of vascular endothelium 
(9, 10). As a first step towards a subsequent study of the Immunological and secretory 
characteristics of cultured lymphatic endothelium, we set out to establish cultures of lymphatic 
endothelium, study Iheir growth and structural characteristics and compare them with cultures of 
endothelium from blood vessels. The results from this study will provide valuable base line data 
for subsequent studies of the pathobiology of lymphatic endothelium. 



Materials and Method* 

Isolation of endothelial cells from bovine mesenteric lymphatic vessels 

Fresh bovine mesentery was obtained from the local abattoir. The mesenteric vessels were 
identified by injecting a solution of 0. 1 % . Evan' s blue dye in phosphate buffered saJine (PBS) into 
a mesenteric lymph node. The dye filled segment was ligatcd and dissected free from the adipose 
tissue. The lymphatic vessel was canhulated at both ends and gently flushed with Hank's balanced 
salt solution (HBSS). The lymphatic was then filled with HBSS containing L.5mg/ml of 
collagen as c (Boehringer Mannheim) and 0 2 % footal calf serum (FGS) and incubated ai 37 C C for 
10 min. The lymphatic vessel was then drained and the fluid collected. The vessel was flushed 
with an additional 20 ml of HBSS. The total volume of solution was centrifugedal 3,000 rpm for 
15 min. The cell pellet was resuspended in 1 ml of complete culture media and placed in one well of 
a Linbro multi well plate (9.62 cm 2 ). A further 2 ml of culture media was added to the culture well . 
Usually the ceils from 2 lymphatie vessels were pooled and placed in one culture well. 

Isolation of bovine aortic endothelial cells 

Fresh aona obtained from the local abattoir was dissected free of ail fibrofatty tissue and the 
branches Hgated. The aona was then filled with HBSS containing 1 .5 mg/ml of collagcnase and 
0.2% FCS and incubated at 37 °C for 10 min. The perfusate was recovered, centrifuged and the 
pellet resuspended in 1 ml of HBSS and placed in culture well with an additional 2 ml of complete 
culture media. 

Isolation of human umbilical vein endothelial cells 

Human umbilical cords were obtained from the associated obstetrics hospital of the University 
of New South Wales. The endothelial cells were isolated from the vein using established 
techniques of collagenasc dispersion. Briefly, the umbilical vein was inspected for damage and 
cannulated at both ends and rinsed with HBBS and then filled with 0. 1 % collagenase containing 
0.2 % PCS and incubated for 10 min at 37 °C. The solution was then collected and the vein flushed 
to remove residual endothelial ceils. Tne cells were concentrated into a pellet by centrifugation at 
1;000 rpm for S min t resuspended in 1 ml of complete culture media and placed in culture well (7). 

Culture conditions 

All primary and subcultures were grown in modified Medium 199 containing Earl's salts, 
20mMol HEPES bufTer and glulamine supplemented with 20% FCS (Flow), lOOjig/ml 
endothelial cell growth supplement (ECGS), lOOjig/ml heparin (Sigma), penicillin 50\Um\ 
(Flow), streptomycin 50 fig/ml and fugitonc 2-5 ug/ml (Plow). 

All culture flasks and wells werecoatcd wiih 1 % gelatin (Sigma) in Ca + * and Mg** free PBS. 
Primary cultures were grown in Linbro multi well plates and subcultures were grown in Nuncion 
25 cm 2 flasks at 37 e C in a humidified incubator with air and 5 % C0 2 . Cells were passaged and 
aubculturcd by standard techniques of trypsin digestion using 0.25% trypsin, 0.02% EDTA in 
PBS , Cells were passaged at a ratio of ) ; 3 and subcultures reached confluence in 7 days. Half the 
culture medium was replaced in all cultures al second daily intervals. 
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isolation and culture of human aortic and capillary endothelial cells 

Human aortic endothelium was cultured from thoracic aorta of young adults after death 
from head injury. Endothelial cells were harvesied by the techniques of enzyme dispersion as 
described in the preceding sections. 

Capillary endothelial cells were isolated and cultured from the neonatal foreskin obtained 
from circumcision. Briefly foreskin was cut into small pieces and after 0.3 % trypsin digestion 
squeezed with a scalpel Diode to exirude endothelial cells from capillaries. Contaminant cells 
were removed by centrifugation in Percoll and by mechanical weeding with sterile glass probe 
during culture. Cultures of capillary endothelium were maintained in 20% human serum in 
Medium 199, lOOjig/ml ECGS and lOOug/ml heparin. 

Identification cf endothelial cells 

It is generally accepted that the best method of identification of endothelial cells is the 
detection of factor VIM related antigen (FVlflRA) which can be readily demonstrated by 
immunohistochemical techniques (8), All cultured cells in this study were subjected to indirect 
immunofluorcscent microscopy for expression of FVfURA. Cells were grown on coverslips 
for 4-5 days and removed from culture flasks, rinsed in PBS, fixed in cold acetone and air 
dried. The cover slips were than washed in Triton X J 00 (0.3% in PBS), rinsed in PBS and 
incubated with primary antibody, rabbit antihuman FYIJIRA ax a dilution of 1 : 100 in PBS 
with 3 % pig sera for 1 h. The eoverslip was then rinsed in PBS and incubated with F1TC 
labelled swine ami-rabbit IgG with 3% pig sera for 30min, The cover slip was then washed 
and mounted with giyceroI/PBS (1 :9) f examined and photographed. 

Proliferation Studies 

The rate of cellular proliferation was determined by estimation of the doubling time which 
is the time taken for cell cultures to double their population in a given culture condition. Cells 
were grown in Linbro muitiwell plates of 2.0cm each. Each well was inoculated with 
approximately 5; 8 X IO" cells/cm 2 . The number of cells in each well was counted in a 
haemocyiometer after 24, 48 and 72h intervals. The cell counts were plotted on a semilog 
graph and doubling limes determined by analysis of the growth curves (7). 

Preparation of cultured cells for electron microscopy 

Cultured cells were prepared for transmission electron microscopy by established techni- 
ques of HAUDENSCHII.n el al. (5). Cell* grown in Nudpn flasks were fixed in situ with freshly 
prepared 2.5% glutaraldehyde in 0J M cacodylate buffer at pH 7,4 for I h and processed by 
standard techniques. Toluidine blue (0.1%) was added to identify ceJl colonies during each 
step of processing. After processing blocks of flask with attached cell layer were selected and 
sectioned for examination with a Philips 300 electron microscope. 

Cultured cells were prepared for scanning electron microscopy using standard techniques. 
Class coverslips were inoculated whh 50^1 aliquoi of cell suspension containing approxi- 
mately 2-2.5 x IO 4 cells and placed in a pctri dish containing culture media for 4-5 days 
Cells were then fixed in glutaraldehyde. 

Normal lympatic vessels 

Normal mesenteric bovine lymphatic vessels were prepared for light microscopy, trans- 
mission and scanning electron microscopy by standard methods for comparison with cultured 
colls. 
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Result* 

General growth characteristics of cultured endothelial cells 

The techniques used for the isolation and culture of vsscular endothelial cells and (he 
growth characteristics of bovine aortic endothelium and human umbilical vein endothelium are 
well documented (2, 6, 14). The characteristic features of vascular endothelium ^compared 
with those of lymphatic endothelium .are presented in toble 1. It was found that lymphaUc 



Table L Growth and structural characteristics of cultured endothelial cells. 



Cell type Cytology Growth 
pattern 



Ulirasl rue rural 
features 



Immunohisto- 
chemistry 



Proliferation 

(doubling 

time) 



WBP tight jns FVIIIRA UEA-1 



HUVE 
HAE 
BAE 
BLE 



Polygonal Monolayer + + + •*• + + 

Polygonal^ Monolayer + + + + + + 

Polygonal Monolayer - + + 

Polygonal Monolayer 



+ + 



+ + + + 

+ 4-+ + 

+ + + + 

+ + -h > + 



14h 

30- 40h 
16h 



WPB; - - absent; + = present; + + - frequent; + + + = numerous; FVIIIRA: - = absent; 
+ + + = )00 % positive; UEA-1 : - = absent; + = faint; _++ = bright staining 

endothelial cells were readily detached and dispersed from the vessel wall using a collagcnose 
solution containing 1.5 to 2.0mg/ml of enzyme. A higher concentration ^Utgtwe 
appeared to cause detachment and disruption of coouminant cells as well aa endothelial cells. 
A uJeTof gelatin was also essential for growth of lymphatic endothelial ee ls. Cells were 
attached to the geledn-coiied.surf.ee of the culture vessels within 3 h of inoculat, on By 2-3 d 
(fie. 1) proliferative activity was well in advance and reached confluence by 5 to 7 days. 
Associated with endothelial cell,, were elongated fibroblastic cells. They were eliminated by a 
process of mechanical weeding using sterile glass probe under ph»e contrast 
Under these conditions relatively pure cultures of lymphatic endothelial eel s were obtained 
Cultured vascular and lymphatic endothelial cell, at confluence attained cell densitiep ranged 
UomTlX cells/cm* to 7.4X10* celle/cm'. The average cell density for each cell type 
wL highesi for Bovine aortic endothelium (BAE) at 4.2 x 10 

endothelium (BLE) at 3.8 X 10* cells/cm 2 and human umbilical vctn endothelium (HUVE) at 
3 5 X Uf cells/cm 2 . The cell density did not appear to significant decline Pronged 
culture although some large multinucleated cell forms appeared in older cultures. The cells did 
not increase in size with repeated sub-culture*. 

Cultured cells were examined by indirect immunofluorescent microscopy and for 
FVIIIRA. Cryostat sections of normal lymphatic vessels were also examined for FVIIIRA 
expression by indirect immunofluorescence. 

Ultrastructural features of cultured lymphatic endothelial cells 

To our knowledge, there are no detailed reports of the ultrastmcturc of cultured lymphatic 
endothelium. The method of preparation or monolayers of cultured cells for ulirastrucmraJ 
studies ensured that the integrity and intercellular as well as the cell /substrate relationship of 



Cultured bovine lymphatic endothelial cell. Note Weibcl-Palade body (WPB) in close 
proximity to cisterna (arrow) of Golgi apparatus (G). * 7 1 .000. 
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Flfc L Cultured human umbilical vein endothelial cells after 3 days showing polygonal and 
elongaied morphology. Phase contrast *350. 





Surface rei 
mitochondria (Mc) 
and (allow heads) 



FIg.3, Different lypcs of intercellular junctions of cultured endothelial cells, A - simple 
overlapping of adjaceni cells, x 94,000. B = Monice-like junction. X 74,000. C = light 
junction, rarely seen in cultured lymphatic endothelium. X 28,000. 



the monolayer was maintained. Cultured endothelial cells covered the gelatin surface as a 
distinct monolayer at confluence The cells have central nuclei with cell borders extending 
over considerable distances in all directions. Cells were bound by a distinct cytoplasmic 
membrane with invaginations and often narrow openings forming cavcolae. There were also 
numerous randomly placed surface projections most of which have club-shaped ends similar to 
those seen in vascular endothelium. The cytoplasm contained the usual cytoplasmic organelles 
including mitochondria, ribosomes, rough endoplasmic reticulum, Golgi apparatus, filaments 
and vesicular bodies. The WeibeNPalade (WPB) or specific endothelial granule was frequently 
seen in the cytoplasm, sometimes situated in a position close to the Golgi apparatus (fig- 2). 
The WPB had a specific iniemal substructure characterised by a series of longitudinal fine 
tubular structures arranged in a parallel fashion to the longitudinal a*i$. The appearance of the 
WPB varied considerably depending on whether it was cut in cross or oblique siecrions or 
whether the section transected the broad or narrow end of the club-shaped structure. 
Consequently the WPB could be easily mistaken for mitochondria. Cultured lymphatic 
endothelial cells maintained a close intercellular relationship. There were 3 types of intercellu- 
lar junctions in vascular and lymphatic endothelial cultures (fig. 3). The most common type 
was a simple overlapping of one cell on another. The less commonly encountered type was the 
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Fig* 5. Cultured human endothelial cell showing caveola (arrow head) and several Weibei- 
Palade bodies (arrows). P * gelatin substrate, x 45,000. 



present in all culiured endothelial cells examined (fig, 3). However, the number varied 
depending on the source of cultured cells. Ic was surprising to note that, contrary to popular 
belief, human capillary endothelial cells contained many Wetbel-Palade bodies (fig. 6). 

Cultured endothelial ceJh from the various sources maintain a close intercellular relation- 
ship. Most of the different types of eel) junctions are encountered. These include simple 
overlapping, end to end abutment, complex interdigitaiing and mortice-like junjetions (fig. 3). 
Tight junctions are frequently encountered; There are also micro- channels were pinocyuc 
vesicles often open into (fig. 7). 



Immunofluorcscent studies on cultured endothelial cells 

All cultured endothelial cells in this study were examined by indirect immunofluorescent 
microscopy for the presence of FVIIIRA. The expression of FVHIRA has been recognised as a 
specific feature of endothelial cells. In this study all cultured cells were found to express 
FVIIIRA. All primary and subcultures of endothelial cells exhibit brilliant granular green 
fluorescence (fig. 8 a). By using phase contrast microscopy it was possible to determine the 
exact proportion of ccll9 containing FVIIIRA (fig. 8b). There was slight variation in the 
staining intensity but cultured cells still exhibited strong fluorescence after 8 passages. In an 
effort to ensure specific staining for FVHIRA steps were taken to block non-specific staining 
by incubating cultured ceils In diluted pit antiscra or incubating cells with dilute 3% pig serum 
in the staining procedure. Negative controls were also included. Cultured endothelial cells 
were also stained with Ulex europaeus I lectin (UEA-1). It was found that endothelial cellb 
showed variable staining intensity. 
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Fig. 6. Cultured human capillary endothelial cell showing several WeibcUPaladc bodies 
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Fig. 7. Cultured bovine endothelium showing tight junction (TJ), an intercellular microchan- 
nel (arrow) and surface vesicle (V). x 74,000. 
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Fig. 8. a) Cultured lymphatic endothelial cells exhibiting bright granular immunofluorescence 
for FVIIIRA. X430. b) Phase contrast view of the same field verifying thai all cells show 
FVUIRA. x370. ^ 



Prol\ftrcLX\on studies and doubling times 

The growth rale of various types of cultured endothelial cells were studied in different 
culture condition* during their logarithmic growth phase. It wa* established that the optima] 
period of determining the doubling lime of cell growth was between 24 to 48 h of passage. By 
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Fig, 9. Growlh curve for cultured lymphatic endothelium arler the 4th (D) and 7th (A, B, C) 
passage inoculated at 5.8 x 10* cell*/ cm 2 in the following culture conditions: 
A « ECGF (100 ^g/ ml), heparin (100 ^g/ ml), 20% FCS, and gelatin; B = ECGF (100 ug/ 
ml). 20% FCS, and gelatin; C = ECGF (lOOug/ml). heparin (lOOjig/ml), 20% FCS and 
plastic; D = ECGF (I00|;g/rnl), heparin (lOOug/ml), 20% PCS and gelatin. 

Fig, 10, Growlh curves for cultured human umbilical vein endothelium after 2 passages 
inoculated at 8 X 10* cells/cm 3 in the following conditions: 

A = ECFC (lOOMg/ml), heparin (lOOug/mJ). 20% FCS and gelatin; B ~ heparin (100 ug/ 
ml). 20% FCS and gelatin; C = ECGF (crude preparation, SO^l/ml), heparin (lOOyg/ml), 
20% FCS and gelatin, D = ECGF (crude preparation, 50ul/mi), heparin (lOOug/ml). 20% 
human AB negative serum and gelatin. 



Fig,lL Growth curves for cultured human aortic 
endothelium after 7 passages and inoculated at 
5.4 x 10* cells/cm 2 in the following cuJture condi- 
tions: 

A - ECGF (100 jig/ml), heparin (100u.g/ml), 20% 
human AB negative serum and gelatin; B = ECGF 
(lOOug/mJ), 20% human AB negative scrum and 
gelatin; C - ECGF (crude preparation, 50u.|/ml), 
heparin (100 ug/ml), 20% human AB negative serum 
and gelatin; D = heparin (100 u.g/ml), 20% human 
AB negative serum and gelatin. 




Tlm»(h) 



this lime the cells would have recovered from the shock of passage and by 48 h reached 
confluence. The relative growth curves of various endothelial cells under various growth 
conditions are shown in figs. 9. 10 and 11. It is evident that the doubling limes varied with 
culture conditions. Lymphatic endothelial cells grow beet in culture media containing ECGF* 
heparin, FCS and oh a substrate of gelatin. The results are compared with results from 
previous works in table 2. 
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the purity of cultures or that some of Jownstonk ami Wm.kur's cultured cells may have lust 
their expression for FVIIIRA. We were also able to show that cultured lymphatic endothelial 
ccJh h8ve Weibel-Palade bodies. Johnstone and Walker (9) did nol publish any data on 
ultrasmjctural studies of their cells. Olher workers have also shown variation in FVI1IRA 
expression of lymphatic endothelia (I, 17). 

Our findings that blood vascular and lymphatic endothelia have similar growth require- 
ments, growth characteristics and have FVIIERA further support the notion of a common 
origin of blood and lymphatic vessels. There are 2 opposing view* on the origin of lymphatic 
endothelium. One view is ihut lymphatic vessels differen(iate de novo from local mesen- 
chyme os a series of channels u^hich subsequently conneci centrally to form the lymphatic 
system. The opposing view is thai the lymphatic system develops as a series of venous 
outppuchings during early embryonic life, the channels ramify and extend peripherally to 
eventually form the definitive lymphatic system (II, 20). If we accept (he latter theory, it is 
. therefore not surprising to find that endolhelium from blood and lymphatic vessels share 
common characteristics, This docs not imply that there are subtle biochemical or 
immunological differences between blood end lymphatic endothelium or that lymphatic 
endothelia may also be site and organ specific. More work, with particular emphasis on 
culture* of lymphatic endothelium from capillaries and. a study of their antigenic expression 
as well ax biochemical features may help to elucidate some of the issues 

The Weibel-PaJade body is a unique endothelial cell structure, li has an internal substruc- 
ture of parallel micro-tubules bound by a membrane. lis exact function is not fully known, 
but recent work has shown that it may he the site of production and/or storage of von Wjl- 
lebrand factor. This notion is. supported by the fad that the Weibel-Palade body has been 
seen to be closely associated with the Golgi apparatus. Some researchers have doubted the 
existence of Weibel-Palade bodies in lymphatic endothelium. TabUCW and YaMamoto (18) 
have shown Weibel-Palade bodies in canine lymphatic endothelium.. There is also evidence 
that Weibel-PaJade bodies may occur in clusters in certain types of large vessel endothelia 
and scarcely in endothelia of small capillaries. Our work has shown the presence of Weihel- 
Paladc bodies in cultured and normal lymphatic endothelium. However* we have not 
examined the distribution or the density of Weibel-Palade bodies in lymphatic endothelium. 
Nevertheless, the fact that WeibeUPalade bodies are found in lymphatic endothelium and the 
suggestion of Weibel-Palade bodies being a source of von Willebrand factor raises the 
possibility that lymphatics may he an important source of von Willebrand factor in health 
and disease states. It is also reasonable to- postulate that the structure and biochemical 
activity of von Willebrand factor derived from lymphatics may differ from that derived from 
blood vessels. 
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